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CHAPTER 1
I NTRODUCTI ON

1-1. Purpose and scope

a. This manual provides criteria and guidance for design of foundations for

structures for military facilities in arctic and subarctic regions.

b. To facilitate the use of this manual, superscript nunbers are used to refer

to Appendi x A--References. These references have been divided into publications required to use th
manual (Required Publications) and additional related publications (Related Publications.)

1-2. Environnental conditions in the Arctic and Subarctic.

The design, construction and mai ntenance of foundations are all affected by the specia
environmental conditions found in the Arctic and Subarctic[109, 110]. (Superscript nunbers indicate
references listed in app A.) These conditions typically include the follow ng, as applicable:

Seasonal freezing and thawi ng of ground with attendant frost heaving
and ot her effects.

Cccurrence of permanently frozen ground subject to thawi ng and subsi dence
during and foll owi ng construction.

Speci al physical behavior and properties of frozen soil, rock, and construction material s at
| ow tenperatures and under freeze-thaw action

Difficulty of excavating and handling frozen ground.

Poor drai nage and possi bl e excess of water during thaw caused by the
presence of inpervious frozen ground at shal |l ow depths.

Thermal stresses and cracking.
Ice uplift and thrust action

Limted availability of natural construction materials, support facilities,
and | abor.

Adverse conditions of tenperature, wi nd, precipitation, distance, accessibility, working
seasons, and cost.

Wil e these factors are inportant in many other types of construction such as pavenents[6] and
utilities[13], they nmerit separate consideration for foundations for structures.

a. Tenperature. The single nost inportant factor contributing to the existence of these adverse
conditions in the northern regions is the prevailing |ow air tenperatures, denmonstrated not only in
the intensity and duration of cold in winter itself but also in the | ow nean annual tenperatures.
(1) In general, nmean annual tenperatures decrease with increasing |latitude
or elevation, and the anplitude of the annual air tenperature cycle generally decreases as |arge
bodi es of water or oceans are approached. Under natural conditions, nean annual ground tenperature
are usually 2 deg. F to 5 deg. F higher than nean annual air tenperatures, though deviations are
sometines outside this range. The difference between air and ground tenperatures is attributable
primarily to additional heat input from absorption of solar radiation at the ground surface in the
summer, to restriction of heat loss by the insulating effect of a snow cover during the w nter
mont hs, and to the normal tenperature difference which occurs in heat flow across a solid/gas
interface. Mean annual air tenperatures in the Northern Hem sphere are shown in TM 5-852-1[10].

(2) Ar tenperatures in arctic environments nmay range from highs of 75 deg. F

to 85 deg. Fin the sunrer to lows of -50 deg. F to -75 deg. F during the
col dest winter nonths. It is not uncommon for air tenperatures to remain below 30 deg. F for a wee
or nore at many locations in Al aska and in fact air tenperatures have remai ned bel ow -50 deg. F for
as much as several weeks. A typical record of air tenperatures for a one-year period at Fort Yukon
is shown in figure 1-1, along with other data, including ground tenperatures.

b. Front conditions

(1) Seasonal frost areas are those areas where significant freezing occurs during the winter
season but without devel opment of permafrost. 1In North America significant seasonal frost occurs
about 1 year in 10 in northern Texas. A little farther to the north it is experienced every year
As indicated in figure 1-2, depth of seasonal freezing increases northward with decreasing nean



annual air tenperature until permafrost is encountered. Wth still further decrease of nean annua
tenmperature, the zone subject to annual freezing and thaw ng becomes progressively thinner[164].
(2) Permafrost areas[174] are those in which perennially frozen ground is
found. In North America permafrost is found principally north of latitudes 55 deg. to 65 deg.
al t hough pat ches of permafrost are found rmuch farther south on nountains where the tenperature
conditions are sufficiently Iow, including sone nountains in the United States. The depth to the
surface of permafrost is dependent primarily on the magnitude of the air thaw ng index, the
radi ati onal input to the surface (as controlled by such factors as |atitude, amunt of cloudiness,
degree of shadi ng or exposure, vegetation, and surface color), and the water content and dry unit
wei ght of the soil

(a) In zones of continuous permafrost, frozen

1-1
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[retrieve Figure 1-1. Meteorol ogical data and ground isotherns]
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[retrieve Figure 1-2. Freeze or thaw penetration vs nmean annual tenperature]

ground is absent only at a few widely scattered | ocations, as at the bottom of | akes
and rivers.

(b) In zones of discontinuous permafrost, permafrost is found intermttently
in various degrees. There may be discontinuities in both horizontal and vertica
extents.

(c) The boundaries between zones of continuous permafrost, discontinuous
permafrost, and seasonal frost w thout permafrost are poorly defined. Distinctions
bet ween conti nuous and di sconti nuous pernafrost, in particular, are somewhat
arbitrary.

(d) Definitions of specialized terns, nore detail ed di scussions on

seasonal frost and permafrost, and the approxi mate extent of continuous and

di sconti nuous pernmafrost in the Northern Hem sphere are given in TM 5-852-1[10] --
general provisions.

c. Thermal regime in the ground. As shown in figure 1-3, tenperatures bel ow

the ground surface vary with the seasons. The annual ground tenperature fluctuation
decreases in anplitude with depth and lags in tinme behind the air tenperature
variations occurring at the surface[197]. The decrease of annual anplitude with depth
is illustrated in a nore general way in figure 1-4. Below a depth in the range of 30
to 60 feet, the anplitude of annual tenperature variation beconmes small and the
tenmperature gradient corresponding to the normal flow of heat outward fromthe
interior of the earth becones discernible. Wen the ground tenperature curve with
depth at its warnest extrenme is below freezing over a portion of its
length, as in figure 1-4, a permafrost condition exists. Wen

the curve shows ground tenperatures entirely above freezing at its warnest extrene,
but freezing does occur at its coldest extrene, only seasonal, frost conditions exist.
A seasonal freeze and thaw zone, called the "annual frost zone," occurs even in the
permafrost areas, except at very extrene | ocations where the air tenperatures renmin
wel | bel ow freezing even in the sumrer. The annual frost zone is usually not nore
than 10 feet thick, but it nay exceed 20 feet.
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[retrieve Figure 1-3. Typical tenperature gradients under pernafrost conditions]
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[retrieve Figure 1-4. Typical tenperature gradients in the ground]
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Under conditions of natural cover in very cold areas, its thickness may be as little as 1 foot or

| ess; thickness nmay vary over a wide range even in a relatively |limted geographical area.

(1) Seasonal variations in properties and behavior of foundation materials

are caused primarily by the freezing, thawi ng, and redistribution of water contained in the ground
and by the variations of stress-strain characteristics and thermal properties with tenperature. Th
wat er may be present in the voids before freezing or may be drawn to the freezing plane during the
freezing process and rel eased during thawi ng. Seasonal changes are al so produced by shrinkage and
expansi on caused by tenperature changes.

(2) Below the zone of seasonal effects the tenperature gradient usually averages 1 deg. F for
40 to 50 feet of depth, although it may range fromabout 1 deg. Fin 15 ft to 1 deg. F in 135 feet.
Since foundation work rarely extends bel ow a depth of about 30 feet, npbst foundation design is
concerned with the environnmental effects encountered in the upper 30 ft.

(3) The penetration of freezing tenperatures into the ground depends upon

such factors as weather, radiation, surface conditions, insulating or other special courses, soi
properties and soil noisture.[43, 88, 181, 185] The npst inportant weather conditions are air
tenmperatures and | ength of freezing season. These may be comnbined into indices, based upon
accunul at ed degree-days as explained in TM 5-852-1/ AFM 88- 19, Chapter 1[10].

(4) It is inportant to note that the indices found fromweather records are for the air about
4-1/2 feet above ground. The value at the ground surface, which determ nes frost effects is usuall
di fferent, being generally higher for thawing and |ower for freezing, and is the conposite result o
many influencing variables, some of which have been nmentioned in (3) above. The surface index,
which is the index deternmined for tenperatures inmedi ately below the surface, is n tines the air
i ndex, where n is the correction factor. For paved surfaces kept
cleared of snow and ice, n may usually be taken as 0.7 for freezing. Oher values are given in
chapter 2. Turf, npss, other vegetative cover and snow cover which reduce the n value for
tenmperatures at the soil surface in relation to air tenperatures, and hence frost penetration wll
be less for the sane air freezing index.

(5) TM 5-852-1/ AFM 88-19, Chapter 1[10] gives the approxinmate distribution of mean air-freezin
and air-thawing intensities in North Arerica. Mre detailed information for northern Canada is
gi ven by Thompson.[199] As denonstrated by G| man,[64] highly useful sunmaries for |ocal areas can
be prepared when sufficient weather data are available. Calculation nethods for determ ning the
freezing and thawi ng conditions which nay be anticipated for specific situations, nore detailed
expl anation of the factors influencing freeze and thaw penetration, and typical values of n are
presented in TM 5-852- 6/ AFM 88-19, Chapter 6[ 14].

(6) Because tenperature inversions and steep tenperature gradients are
common in levels of the atnmosphere nearest the ground, tenperature differentials of as nmust as 50
deg. F may be found at a given tinme at different |ocal topographical positions. Wthin the range o
ground el evations subject to tenperature inversions, nmean tenperatures nmay actually increase rather
than decrease with increasing elevation. For such reasons, it is inportant to determ ne design
i ndices for the specific site topographic position
(7) Anything which is done in the course of construction is likely to alter
the tenmperature conditions at the surface of the ground and, as a consequence, to change the
thi ckness of the annual frost zone and the depth to the top of permafrost, and ultimately, possible
even to affect the existence of the pernafrost.

d. Wnd and other factors. Mean annual w nd speeds for npbst arctic and subarctic |ocations are
usual ly of the order of 5 to 10 nph except in coastal areas where the nmean is usually 10 to 20 nph.
I n mount ai nous regions wi nd speeds are generally greater than those in the plains. Local katabatic
winds with velocities up to 100 nph or nore are not unconmon, particularly along sea coasts. Even
though velocities of arctic winds as a whole tend to be | ow, conbination of very cold tenperatures
with wind causes extrenmely large heat |osses from buil dings, equipnment, and personnel in wnter
Wnd chill values representing the conmbined effects of wind and tenperature are given in TM 5-852-
1/ AFM 88- 19, Chapter 1[10]. Table 1-1 relates wind chill values to human worki ng conditions.
Drifting and bl owi ng of snow often creates ngjor construction and operational problens, even where
the actual precipitation is very low. It is of fundanental inportance to anticipate such problens
in planning and design stages. It is often possible to reduce greatly adverse effects of drifting
and bl owi ng snow by proper site selection and | ayout al one.

e. Solar radiation. As previously indicated, solar radiation is an inmportant

factor in the thermal stability of foundations in arctic and subarctic areas. Net summer radiationa
i nput into the ground may range from al nost nothing in very cloudy or shaded | ocations to a

predoni nant part of the summer heat flow at others. It is a function of latitude, cloud cover, tim
of year, time of day, atnospheric conditions, wi nd speed, subsurface thernmal properties, degree of
shadi ng, if any, and aspect, al bedo and roughness characteristics of the surface[88].
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Table 1-1. Stages of Relative Human Confort and the Environnental Effects of Atnospheric

Cool i ng.
Ef fects of Atnospheric Cooling. ------------------------------
Wnd chill factor (kg cal/mt2+ hr) Rel ative confort -------------------------------
600 Condi ti ons consi dered as confortabl e when
men are dressed in wool underwear, socks, mtts,
ski boots, ski headband, and
thin cotton wi ndbreaker suits, and while skiing
over snow at about 3 nph (netabolic output about
200 kg cal / m2+ hr).
1000 Pl easant conditions for travel cease on
foggy and overcast days.
1200 Pl easant conditions for travel cease on
clear sunlit days
1400 Freezing of human fl esh begins, depending
upon the degree of activity, the amount of sol ar
radi ati on, and the character
of the skin and circul ation
1600 Travel and life in tenporary shelter very
di sagreeabl e
1900 Condi ti ons reached in the darkness of mid-
wi nter. Exposed areas of face freeze within |ess
than a minute for the average individual. Trave
danger ous
2300 Exposed areas of the face freeze within

less than 1/2 minute for the average individual
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CHAPTER 2

2-1. Thernmml effects.

a. As indicated in chapter 1, ground tenperatures and presence or absence of

permafrost are the product of many interacting variables. In addition to reflecting the effects of
such factors as snow cover, air tenperatures, and net radiation flux, the natural ground
temperatures of a specific area can be related to the recent history of the terrain. For exanple,
in flood plains of neandering streans permafrost may be absent in areas which were under water in
recent decades and present el sewhere. Again, destruction of vegetation by forest fires in past
years may have produced special subsurface tenperature conditions.

b. The fundanmental properties of soil or rock which deternmine the depths to

whi ch freezing and thawi ng tenperatures will penetrate bel ow the ground surface under given
temperature differentials over a given tinme are the thermal conductivity, the volunetric specific
heat capacity, and the volunetric |latent heat of fusion[30]. These factors, defined in TM 5-852-
6/ AFM 88- 19, Chapter 6[14], vary in turn with type of naterial, density, and noisture content.
Figure 2-1 shown typical values of therrmal conductivity vs dry unit weight and porosity. Mre
detailed plots are presented in TM 5-852-6/ AFM 88-19, Chapter 6[14]. The specific heat of npbst dry
soils near the freezing point nay be assunmed to be 0.17 Btu/lb deg. F. Specific heats of other
construction materials are given in TM 5852-6/ AFM 88- 19, Chapter 6[14].

c. Permafrost will thaw when sufficient heat is transferred to it fromthe underside of a
structure. The rate of thaw depends on the tenperature of the building, the insulation in the floor
air space or ventilation provisions, |layers of special material (such as gravel) on the ground, and
the natural characteristics (such as noisture content and tenperature) in the annual frost zone and
permafrost. Insulation retards and reduces but cannot prevent heat flow fromthe structure. Thaw
will progress in permafrost bel ow a heated structure unless provisions are nade for renoving the
escapi ng heat such as by an air space beneath the building, natural or forced circulation in ducts,
or even artificial refrigeration. During the winter, such a system nust provide sufficient cooling
and refreezing of any foundation material warnmed or thawed during the summer so that progressive
thermal changes and degradation will not occur.

d. Gound tenperatures influence bearing and adfreeze strengths and creep rates of the
permafrost. Nornmally, in areas of discontinuous pernmafrost, where the nost difficult foundation
engi neering problens are encountered, the nean annual tenperature of the pernafrost is not far belo
freezing. Here tangential adfreeze and other strength values are low, and creep rates are high. |
far northern areas of continuous permafrost and | ower ground tenperatures, strength values and cree
factors are nore favorable

e. Gound tenperatures and relative thermal stability at sites in permafrost areas are inportant
not only in determning the amount and rate of progression of permafrost degradati on which may be
initiated by construction, but also the rate of creep closure of underground openings and the exten
and di nensions of protective nmeasures such as ventilated foundations or refrigeration, which are
requi red for heat producing facilities. Gound tenperatures influence installation procedures and
the rate of freezeback of slurried piles. The dynanic response characteristics of foundations are
al so a function of ground tenperatures.

f. Thaw of permafrost frombelowwill result if a |long-duration increase occurs in the surface
ground tenperature. This may be visualized by assuming that the entire tenperature gradient curve
in figure 1-4 is nmoved to the right. However, as Terzaghi[197] has shown, the natural heat flow out
of the earth can at nobst produce only quite slow upward thaw of permafrost, that is, somewhat under
2 cmyr for permafrost containing 30 percent ice by volune. |If a normally devel oped and stable
geot hermal gradient exists in the pernafrost and the foundation is designed to nmaintain origina
per mafrost tenperatures, there will be no thaw frombelow |If the permafrost is in process of
warnming fromprior colder climatic conditions or is even in an isothernal condition at the thaw ng
tenmperature, as nmay sonetinmes happen, thaw will occur frombelow at rates up to the maxi mum possi bl
under the geothermal gradient existing in the sub-permafrost materials. |In any case, thaw of
permafrost frombelow is not normally a significant factor in design of foundations for structures,
except that a flow of warm sub-permafrost groundwater nmight rarely present a special situation

g. Designers nmust also keep in nmind that both manufactured and natural construction materials
experience significant |inear and volunetric changes with changes in tenperature. Linear
coefficients of thermal expansion for sone conmon materials are shown in table 2-1. Note
particularly that values for asphalt and ice are nmuch higher than for soil or rock. The higher the
percentages of asphalt or ice the greater the degree of

2.
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[retrieve Figure 2-1. Thermal conductivity vs density and porosity of typical material s]
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Table 2-1. Approxi mate Coefficients of Linear Thernmal Expansion per deg. C

X 10 + -6+ --------

Granite and slate 8
Portl and cenent concrete 10
Soil (109 Ib/ft+3+, 23 % water content, +20 to -160 deg. O 22

I ce 51

St eel 12
Copper 14- 17
Al unmi num 18- 23
Sul fur 64
Coal tar pitch 160
Asphal t 215
Roofing felt 11-33
Bui I t-up roofing menbranes 15-53
Bakel i te 22-33
Some ot her plastics 35-90
Whod (pine), parallel to fiber 5.4
Wbod (pine), perpendicular to fiber 34

Note: The coefficient of cubical expansion rmay be taken as three tinmes the |inear
coefficient.

shrinkage with | owering tenperature
h. The ground surface experiences substantial contraction as it is cooled in the fal

and wi nter nonths, resulting in cracking of the surface[207]. |In arctic and subarctic
areas patterned ground is fornmed[ 160, 206], with ice wedges at the boundaries of the
resulting polygons, as illustrated in figure 2-2. (For additional information on surficia

features such as patterned ground, see TM 5852-8[17].) |In far northern areas the maximm
surface cracking effects tend to develop in the spring, even as late as May or June, as the
effects of the winter |ow tenperatures reach substantial depths bel ow the surface.
Shri nkage cracking of flexible pavenents is observed in all cold regions and ground
cracki ng has been observed in seasonal frost areas as well as the pernafrost regions[207].
During the sumer and fall, expansion of the warm ng ground may exert substanti al
hori zontal thrust if cracks have becone filled with soil or ice. Any construction features
enbedded in the layers of ground subject to these seasonal thermal contraction or expansion
ef fects, or supported on them may in consequence have stresses inposed upon them \Were
items such as power cables or pipes cross contraction cracks, stresses may be sufficient to
rupture or damage these menbers. Structures supported above the surface may al so
experience such effects if the strains are differential and if these can be transmitted
t hrough the supporting nenbers. Structures of sufficient strength may al so serve to alter
and control contraction cracking of the ground.

i. Thus, foundation nmaterials and structures in arctic and subarctic regi ons nust be
vi ewed as subject to continual changes in conditions and in their states of stress and
strain. It nmust be the designer’s objective to keep such novenments and stresses within
acceptable Iinmts and without progressive changes detrinental to the facility.

2-2. Seasonal frost heave and settlenent.

a. Frost heave may be antici pated whenever freezing tenperatures advance into
frost-susceptible soil and adequate noisture is available, provided it is not restrai ned by
a counterneasure. Seasonal heave and settlenent of frostsusceptible soils occur in both
permafrost and seasonal frost regions in the surface strata subject to cyclic freezing and
thawi ng. Heave or settlenment may al so occur on a nonseasonal basis if progressive freezing
or thawing is caused in the foundation.

b. During the freezing process the nornmal noisture of the soil, and that drawn up from
greater depths, is converted into ice as crystals, lenses or other forms. In
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[retrieve Figure 2-2. Ice wedges in polygonal ground area]
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frost-susceptible soils the formation of ice |lenses at (and in the finer-grained soils
behi nd) the freezing plane during the freezing process tends to produce an upward novenent
or heaving of the soil mass. |ce segregation is nost commonly in the formof |enses and
| ayers oriented principally at right angles to the direction of heat flow, the surface
heave is approximtely equal to the total thickness of the ice layers. The raising or
heavi ng of the ground surface in a freezing season nay vary fromnothing in confined, well-
drai ned non-frostsusceptible sands and gravels to a foot or nore in saturated, frost-
susceptible silts and sone clays if there is an unlinited supply of noisture. The
magni t ude of seasonal heaving is dependent upon such factors as rate and duration of frost
penetration, soil type and effective pore size, surcharge, and availability of npisture[40,

59, 60]. Figure 2-3 illustrates, in a laboratory freezing test, the typical gain in
noi sture content in upper |layers of soil, with withdrawal of moisture fromlower strata
even though water was provided at the base. |In frostsusceptible soils, ice segregation can

occur by such withdrawal of npoisture fromlower |ayers even w thout an outside source of
noi st ure.

c. Cean GN GP, SW and SP gravels and sands with a negligi bl e percentage of nateria
small er than 0.02 nmare so relatively nonheaving that foundation design on such materials
is usually not governed by seasonal frost effects. (Frost susceptibility criteria are
discussed in nore detail in TM5-818-2[6]). |If saturated, it is possible for such soil to
heave a small anmount on freezing because of the expansion of water on changing to ice.
However, if the expansion of the water which freezes can be bal anced by novenent of an
equal volunme of unfrozen water away fromthe freezing plane, there will be negligible
expansi on of nomi nally confined non-frost-susceptible materials. The sanme expansion relief
can be obtained in non-frost-susceptible soils by a condition of partial saturation
Superficial fluffing of the surface of unconfined, relatively clean sands and gravels is
frequently observed, but this effect is small to negligible when these materials are
confined. In pernmafrost areas, however, the fact that the foundation nmaterials are non-
frost-susceptible does not justify assuming, w thout investigation, that ground ice nasses
are not present or that settlenent on thawing will not occur.

d. Wen fine-grained soils thaw, water tends to be released by nelting of segregated

ice nmore rapidly than it can be drained away or redistributed in the thawed soil. This
results in a very wet, soft condition of the soil, with substantial |oss in shear strength.
The shear strength of the thawed soil is dependent upon the sanme factors as would apply

under non-frost-related conditions but is very difficult to nmeasure neani ngfully by
conventi onal approaches.

2-3. Goundwater.

a. |If a freezing soil has no access, to tree water beyond that contained in
the voids of the soil immediately bel ow the plane of freezing, frost heave necessarily be
limted. However, if free water can be easily drawn to the plane of freezing froman
appreci abl e di stance bel ow the plane of freezing or froman underlying aquifer, heave can
be large. A water table within 5 feet of the plane of freezing is favorable for
significant frost heaves. However, lowering of a water table to even great depth cannot be
depended upon to elinmnate frost heave; the percentage of water that can be drai ned by
gravity from nost frostsusceptible soils is limted and may be negligible[198]. The
remai ning water in the voids will still be available to mgrate to the plane of freezing.
In permafrost areas the supply of water available to feed growing ice |enses tends to be
limted because of the presence of the underlying inperneable permafrost |ayer, usually at
rel atively shall ow dept hs, and maxi nrum heave may thus be (but is not necessarily) |ess than
under otherwi se simlar conditions in seasonal frost areas. Uplift forces on structures
may neverthel ess be nore difficult to counteract in these nore northerly cold regions
because of |ower soil tenperatures and consequently higher effective tangential adfreeze
strengt h val ues.

b. As illustrated in figure 2-4, the water table may disappear rapidly in the first
part of the freezing period as water is withdrawn fromthe unfrozen layers of soil to form
ice lenses at the plane of freezing. However, even when the free water table disappears a
substantial volunme of water remains still available, and
ice segregation and frost heave may continue for many weeks thereafter, while availability
of moisture, surcharge weight at the freezing plane and rate of frost penetration are
progressively changing. Full saturation is not necessary for ice segregation in fine-
grained soils, though bel ow about 70 percent saturation sone soils do not heave
significantly. Perched water tables can be as inportant as base groundwater tables.
c. Susceptibility of the soil to particle break-down under freeze-thaw cycles
is a function not only of the durability characteristics of the particles thensel ves (which
can be eval uated by standard | aboratory tests), but also of the degree of saturation. For
bui I di ng stone and m neral aggregate it has been found that 87 percent saturation of the
material itself is a good maximumif the stone or aggregate (or concrete nmade therefrom is
to resist freeze-thaw damage (conmunication from K. B. Wods). Thus, the degree of natura
drai nage existing in foundation soils during freeze-thaw cycles may be an inportant design



consideration if particle degradation may significantly affect the |ong range perfornmance
of the construction.
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[retrieve Figure 2-3. Misture content changes caused by freezing]
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[retrieve Figures 2-4 and 2-5. Ceneralization of changing ground conditions as freezing
penetrates into the annual frost zone and Pl an
and el evation of surcharge field experinent]
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d. The water content of a soil exerts a substantial effect upon the depth of

freeze or thaw penetration which will occur with a given surface freezing or thaw ng index.
An increase in noisture content tends to reduce penetration by increasing the volunetric

| atent heat of fusion, as well as the volunetric specific heat capacity. Wile increase in
nmoi sture content al so increases thermal conductivity, the effect of latent heat or fusion
tends to be predoni nant.

2-4. Effect of surcharge

a. It has been denonstrated beyond question in both |aboratory and field experinents
that the rate of frost heaving is decreased by increase of |oading on the freezing
pl ane[ 28, 125, 166] and that frost heaving can be entirely restrained if sufficient
pressure is applied[66]. In foundation design the heave-reducing effect of |oad my be
readi |y taken advantage of by placing nmats of non-frost-susceptible materials on the
surface of frost-susceptible soils to reduce the magnitude of seasonal frost heaving.
Where the depth of winter freezing is not linted by the presence of underlying permafrost,
the heavereduci ng effect of such mats is not solely the effect of load; it is also partly a

result of the reduction od subgrade frost penetration. The |oad inposed by the
structure and foundation nenmbers also contributes to heave reduction

b. In afield experinent on a silt subgrade near Fairbanks, Al aska, a series of 25-
feet-square areas were | oaded to values ranging fromO to 8 psi as shown in figure 2-5[28].
Ventilation ducts were incorporated in the construction so as to achieve essentially equa
dept hs of subgrade frost penetration in the test sections. As shown in figure 2-6 the
seasonal maxi mum frost heave in this field experinent was reduced fromabout 0.5 feet to
about 0.3 feet with only a 2-psi applied surcharge load and to less than 0.1 feet with an
8-psi applied I oad.
c. Figure 2-7 presents the sane data in the formof total stress at the
freezing interface (which includes weight of both frozen soil and applied surcharge) versus
seasonal heave and frost penetration. This type of presentation is nore basis than that in
figure 2-6 because it takes into account the total stress against which ice segregation is
acting at any point during the freezing. These data indicate that for 5 ft of seasona
subgrade frost penetration an increase in total stress at the freeze/thaw interface from4
to 10 psi reduced seasonal frost heave fromO0.4 to 0.15 feet.

d. On the plot of rate of heave versus applied | oading

[retrieve Figure 2-6. Heave vs frost penetration for various applied |oadings, surcharge
field experinent]
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in figure 2-8, conparison is nade between | aboratory and field test results for silt soils.
Wiile the results of the two types of experinent correspond approximately in magnitude, the
| aboratory tests indicate a nore rapid lowering of the rate of heave with increase in
surcharge than the field tests. It is believed that this may have been caused by edge
effects in the small | aboratory specinens; the field values are unquestionably nore
representative of real construction situations.

e. Also shown in figure 2-8 are | aboratory results for WASHO clay (liquid

limt = 37.0 percent, plasticity index = 13.0 percent). The flatter curve indicates |ess
rapid reduction of heave with increase in applied load than in the | aboratory tests on
silts[40]. No quantitative field-scale test on a clay subgrade has been performed and the
field quantitative validity of this WASHO cl ay curve has not been proved; however, there is
no question that clays should be | ess affected by surcharge than silts (see, for exanple,
fig 2-9a). Wile |aboratory data are available on several soils, little reliable field
information is available on effect of surcharge for other soils than the Fairbanks silt.
Therefore, where advantage is taken of the effect of surcharge and where justified by the
scope and details of the construction project, test footings of prototype di nensions using
the actual proposed | oadi ngs should be constructed in order to obtain data on actual frost
heave val ues which will occur. This is inportant not only because of the differing

behavi ors

[retrieve Figure 2-7. Heave vs frost penetration for various total stresses, surcharge
field experinent]
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[retrieve Figure 2-8. Conparison of |aboratory and field neasurenments of effects of
sur char ge]

2-10



TM 5- 852- 4/ AFJMAN 32-1087
of different soil types but al so because variations in climtic and groundwater conditions
may al so be expected to affect the field behavior

f. In laboratory freezing experinments, heaving pressures of the magni tudes shown in
figure 2-9 have been neasured under conditions of essentially conplete restraint.
Therefore, if foundation | oadings at the freezing plane equal or exceed these pressures,
heave will be prevented conpletely. For many engi neering structures such as pavenents,
such conpl ete prevention is unnecessary and uneconom cal. For structures particularly
sensitive to noverment, however, conplete prevention nay be essential, and in some cases it
may be feasible to achieve this result by providing sufficient foundation | oading,
al | owabl e foundation bearing values permtting. However, uplift computations cannot be
made sinply by applying the pressures of figure 2-9 to the areas of direct foundation
| oadi ng, as frost heave uplift acts on the base of a frozen slab of soil whose effective
area may be much greater than the area of the structure foundation, as illustrated in
figure 4-42a. The heave reducing effect of surcharge is presently taken into account in
the limted subgrade frost penetration nmethod of pavenent design (see TM 5-818-2[6]). This
approach to linmting differential novements due to frost heaving is also applicable to
unheat ed war ehouses, POL facilities and transm ssion towers, and may enter into the design
of many other types of facilities.

2-5. Foundation naterials.

a. Soils.

(1) Permafrost soils cover the entire range fromvery coarse, bouldery glacial drift
through gravels, sands, silts and clays to organic soils. Slightly under-saturated coarse,
boul dery frozen soils at |ow tenperature, such as are encountered in northern G eenl and,
behave in excavation and tunneling as if they are granite[24]. At the other extreme, in
fat clays at tenperatures not far below the freezing point, only a relatively snal
percentage of the soil water may actually be frozen, and the behavior of such soil may be
only slightly altered by the freezing tenperatures. |n sone

[retrieve Figure 2-9a. Maxi mum Frost Heave Pressures. (Pressure and Heave vs
Perneability.)]



TM 5-852- 4/ AFJMAN 32- 1087

[retrieve Figure 2-9b. Maxi num Frost Heave Pressures. (Tenmperature at G owing lce Lens vs
Maxi mum Pressure Devel oped at the Depth.]
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[retrieve Figure 2-9c. Maximum Frost Heave Pressures. (Grain Size Distribution of

Soils.)]
areas, layers of salty groundwater and unfrozen strata may be encountered in the
soi | s[208]. Methane pockets are conmon because of entrapment by the inpervious frozen
soil, and animal and vegetative remains are often found surprisingly intact, their

deconposition rates slowed in the permafrost. O ganic soils are common, both in permafrost
and seasonal frost zones. Organic soils range fromonly slightly organic mneral soil to
100 percent organi ¢ muskeg or peat. They cover about 10 percent of the | and area of Al aska
and present both transportation and construction obstacl es[189].

(2) Figure 2-10 shows typical conpressive strength values for nine types of frozen
soil including peat, in |laboratory tests perforned at 400 psi/min rate of stress increase.
Properties of these soils are summuarized in figure 2-11. Figure 2-12 presents a sinilar
summary for tension tests perforned on these soils at a rate of stress increase of 40
psi/mn. Figure 2-13 shows a sumuary for shear tests perfornmed at a rate of stress
i ncrease of 100 psi/mn.

(3) Strength properties of frozen soils are dependent on such variables as gradation
density, degree of saturation, ice content, tenperature, percentage of npisture in specinen
frozen, dissolved solids, and rate of |oading. Available data on effect of rate of | oading
on strength of frozen materials are sumuarized in figure 2-14. Frozen soils
characteristically exhibit creep at stresses as lowas 5 to 10 percent of the rupture
strength in rapid | oading[33, 187]. Typical creep relationships are shown in figure 2-15.

(4) The effect of ice content on the conpressive strength of Manchester fine sand is
shown in figure 2-16

(5) Values of dynami c noduli and Poisson's ratio deternined by flexural vibration are
sunmari zed in figure 2-17[68]. See al so paragraph 4-6. Values of adfreeze strength for
tangential shear on various nmaterials area discussed in paragraph 4-8.

(6) It will be apparent fromthe information presented above that it is not feasible
to give categorica
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[retrieve Figure 2-10. Sunmary of maxi mum stress in conpression vs tenperature]
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[retrieve Figure 2-11a. Summary of Soil Characteristics (G adations)]
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[retrieve Figure 2-11b. Summary of Soil Characteristics (Void Ratio vs Coefficient of
Perneabi lity)]
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[retrieve Figure 2-11c. Summary of Soil Characteristics. (Soils Test Data)]
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[retrieve Figure 2-12. Sunmmary of maximum stress in tension vs tenperature]
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[retrieve Figure 2-13. Sunmary of maxi num shear stress of frozen soil vs tenperature]
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[retrieve Figure 2-14. Effect of rate of stress application on failure strength]
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[retrieve Figure 2-15. Plastic deformation of frozen soils under constant conpressive
stress]
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[retrieve Figure 2-16. Conpressive strength vs ice content, Manchester fine sand]
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[retrieve Figure 2-17. Longitudinal and torsional wave velocity, dynam ¢ noduli of
elasticity and rigidity, Poisson’s ratio vs tenperature]
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property values which are typical for frozen soils under all conditions.

b. Gound ice. Wen ice is found in permafrost in sufficient anmounts that significant
settl enent woul d occur upon thawing, it may have originated by the conventional ice
segregation process with ice lensing primarily parallel to the ground surface as the
per maf rost was gradual |y devel oped in the geologic past; it nmay have been forned as
vertical ice wedges in the horizontal contractionexpansion process which results in the
typical patterned ground features so evident in far northern areas; it may be "fossil ice"
buried by | andslides or other events and preserved as permafrost; or all three of these
types may occur together. Oten several soil formations of different ages may be
superi nposed one on anot her, each containing ground ice. Figure 2-18 shows a typical cross
section in silt near Fairbanks, Alaska; note that ice concentrations do not necessarily
decrease with depth, contrary to a frequent assunption.

(1) In the annual frost zone, ice is of the comon ice segregation type; smal
anmounts of ice may al so be found in shrinkage cracks. |Ilce formations in this zone
di sappear every sunmer and are formed anew in the winter. Substantial ice concentrations
are frequently found on permafrost at the bottom of the annual thaw zone which thaw only in
occasi onal very warm sumers.

(2) Cccasionally bodies of permafrost may be encountered (such as near the

top of a high, well-drained bluff) which are less than 100 percent saturated; such
permafrost may |ack some of the detrinmental characteristics associated with ground ice.
However, if ground ice exists in strata at lower levels in the foundation and thaw may
reach the ice during the life of the structure, this nust be taken into account in the

desi gn.

(3) Ice nasses in clean, granular deposits are not uncomon in the Arctic

because of the severe environnent, but their occurrence is | ess comon in the Subarctic.
U S. Arny Engineer District, Al aska, personnel have reported the occurrence of nmjor ice
inclusions in gravels at Cape Lisburne, Al aska, and at Ganbel on St. Lawence |sland off
the coast of Al aska, and others have reported ice wedges and nmasses in gravels at Barrow
and Um at, Alaska, and Inuvik, N.WT., Canada, Church, Pewe and Andresen[46], in their
study of patterned ground in the Donnelly Done area near Ft. Geely, Al aska, found evidence
that ice wedges had fornmed in the outwash gravels of the area during a period colder than
at present and subsequently thawed during a period warner than now exists. Simlar evidence
has been observed at C ear, Alaska. Thus, the possibility shoul d be considered that, even
in the Subarctic, ice wedges forned in clean granular materials in a previous col der
climatic period may be found preserved by overlying accunul ations of soil which have
protected the ice fromthaw ng, or by other especially favorable |ocal conditions. The
possibility of such ice will be greater, the colder the climte of the |ocation.

(4) Open-work gravel containing clear ice tends to give a visual inpression that
substantial settlement of this material may occur on thaw, but close exam nations of random
sanpl es of such material near Fairbanks, Al aska, have shown particle-to-particle contacts,
and no actual thawsettlenment difficulties with such soils have thus far been reported. On
the ot her hand, personnel of the Alaska District, Corps of Engineers, report that nany ice-
saturated gravel deposits do not show particle-to-particle contact, and that tests of sands
have shown consolidation on thaw. |t may be visualized that if permafrost is forned in
cl ean, granular, non-frost-susceptible material by continuous downward advance of the
freezing front under conditions pernmtting escape of any excess water then there may be no
separation of the soil particles which would | ead to consolidation on thaw. However, if
opportunity for escape of excess water is lacking, either in the original freezing or in
refreezing froma partially degraded condition, as froma climatic warning interval, then a
bul ked condition will exist in the zone of water entrapnent; this zone nmay be horizontally
di scontinuous. Finally, even essentially clean deposits nay devel op sone ice segregation
during downward freezing if even thin inclusions of fine material are present, or possibly
if the freezing front advances very slowy or is stationary. Thus, no sinple
general i zati ons are safe

(5) In borderline permafrost areas remants of pernmafrost containing ground ice nmay
soneti nes be found at depths such as 25 to 40 ft, with non-frozen soils both above and
bel ow. Such was the experience in deep granul ar deposits at Cear, Al aska. Extensive
exploration is required to |l ocate these remants when

they occur as snmll, scattered bodies.
(6) If fine-grained soils containing ground ice are excavated, very wet, |iquid-
soft material unusable for earth fill and incapabl e of supporting equi prent nay result on

thaw. From coarse, free-draining granular soils and broken rock, however, thaw water may
escape alnost as rapidly as thaw occurs. The settlement of foundations from degradati on of
per mafrost and the devel opnment of frost heave in the annual frost zone both typically occur
differentially between points across the foundation. The thawi ng of polygon ice wedges
such as shown by figures 2-2 and 2-18 nmay tend to devel op cavern-like voids in the
foundati on which may |l ead not only to sudden and dangerous col |l apses but also to

devel opment of underground drai nageways whi ch may serve to extend thaw. Loesstype frozen
soils may be particularly susceptible to subsidence and erosion on thaw. Were foundations
i ncl ude anchorages in permafrost, thaw may | ead to anchorage fail ures.
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[retrieve Figure 2-18. Typical record of ice in permafrost]
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(7) For engineering purposes it is very inportant to know whether significant
settlenent will take place upon thawing of the frozen soil. |If the ice present wl
produce nore water upon nelting than can be retained within the voids of the soil after
thaw, then the material is thawunstable to a degree that is dependent upon the anmount of
excess ice and the soil density. |If all the nelt water can be absorbed by the soil voids
wi t hout significant settlenent, then the soil can be considered thaw stable. Thaw
consol i dation conputations are outlined in chapter 3.

c. Rock. Bedrock should never be assumed free of ice if the nelting of such ice is
possi bl e and the consequences significant. Numerous cases are on record where this
assunpti on was nmade and substantial volumes of ice were later found to be present in the
bedrock. At Thule, Greenland, this situation resulted in substantial settlement of a
bui I di ng; required repair neasures included installation of artificial refrigeration in the
foundati on on a permanent basis. At the sane |ocation the di sappearance of water froma
drai nage ditch cut in shale resulted in discovery of ice layers up to 20 inches thick in
the rock which were being nelted by the drainage waters[76]. The only safe approach is to
carry subsurface explorations into bedrock, obtaining undisturbed frozen cores which wll
reveal the exact thicknesses of any ice strata present.

(1) Structurally, the frozen water in bedrock fissures adds substantially to the
conmpetence of the rock, so long as the ice renmains frozen. At Yellowknife, NW, Canada, it
has been stated that in mning of ore by the stopping process, excavations can safely be
made in 300 foot |ifts whereas the standard height in unfrozen rock in Canada is 150 feet.
Bl asting specialists responsible for mning of iron ore at Knob Lake, Quebec, Canada, have
stated that three tines as nmuch powder is required for blasting of ore rock containing 10
percent ice as for blasting of unfrozen deposits[112]. On the other hand, ore containing
this much noisture is very wet when thawed and very substantial probl ens have been
encountered in handling, transporting and using such materi al
(2) Bedrock is frequently a source of severe frost heave because of nud
seams in the rock or concentrations of fines at or near the rock surface in conbination
with the ability of fissures in the rock to supply large quantities of water for ice
segregati on.

2-6. Structural materials.

Foundati ons of structures in areas of deep seasonal frost and permafrost tend to experience
| arger and |l ess predictable tensile, conpressive, and shear stresses than in nore tenperate
regions as a result of thernmal expansion and contraction effects, unstable conditions
during and after the construction period, and seasonal frost action. The properties and
behavi or of structural materials used in the foundations are also affected by the | ow
tenmperature conditions. Materials susceptible to brittle fracture at |ow tenperatures
shoul d not be specified for conditions where they nmay fail. Consideration nmust be given to
| ogi stics, supply, costs and problens of field fabrication and erection. Shop fabrication
may be found nore economical than field fabrication in spite of greater |ogistics problens.
Availability of local materials nmust also be considered. Native materials are often scarce
and not very suitable and construction practices may differ because of transportation

probl ens, equi pnent and | abor avail abl e and severe weather. The relative cost and
availability of all construction materials nust be established early in the design; this
will influence the selection of the foundation type to be used.

a. Wod. Wod is a satisfactory and widely used construction material because
of availability, low thermal conductivity, adequate durability, when selectively used and
treated if required, flexibility, uninpaired strength at |ow tenperature, |ow weight and
nailability. However, in many arctic and subarctic areas it may be as unavail abl e as any
other construction material. Even when tinber is obtainable in the Subarctic, avail able
sizes may be linmted and quality | ow

(1) A principal use of tinber in foundations is in piling. Spread footings have been
frequently made of wood. Heavy tinbers are widely used for distributing structure | oads
onto piles or other principal supporting nmenbers.
Timber is also useful as a sem -insulating pad under a concrete footing. Rock fill wood
cribs are useful for many purposes. Although tinber piles have |ower thermal conductivity
than concrete or steel piles, this is usually a negligible advantage for the therm
stability of foundations. It may be assunmed that no decay will occur in portions of piles
enmbedded in permafrost. Wthin the annual frost zone, tenperatures are | ow throughout the
year and bel ow freezing tenperatures prevail for nmany nonths; groundwater is often near the
surface throughout the year. These factors slow decay bel ow ground, though not
guaranteeing against it. At the ground |ine, however, experience shows that, except in the
high Arctic, tinber nmenbers may be destroyed in only a few years even where the nmean annua
precipitation is low. \Wile wood piles therefore need preservative treatnent above the
permafrost table, a coating of creosote on the portion of a pile enbedded in pernafrost
reduces the tangential shear stress which can be devel oped bel ow that which would apply for
bare wood. In theory then, only the upper parts of wood piles should be so treated.



However, no net hod exists for pressure creosoting only part of a pile. Therefore when wood
piles require pressure treatment, the entire length nust be treated and tangential adfreeze
wor ki ng stresses
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nmust be established at sufficiently |ow values to reflect the presence of the surface
coating of treatment material. Wod piles which are enbedded entirely in permafrost
(capped at the permafrost table) need not be treated.

(2) One of the nost inportant properties influencing strength of wood, especially at
| ow tenperatures, is the noisture content. Table 2-7 presents the rel ationships of
specific gravity and various strength properties of wood at room tenperature, based on
average results of tests on a |arge nunmber of species. As illustrated in figure 2-19
conpressive strength tests at -44 deg. F show higher values at all noisture contents than
tests at 68 deg. F with a maxi mum at approxi mately 82 percent. Tests conducted by
Kol I man[ 159] as shown in figures 2-20 and 2-21 indicate nearly straight line increases of
conmpressive strength and toughness ratio with decreasing tenperatures over a w de range.
These effects are proportional to density. Experinents at the Forest Products Laboratory
with Sitka Spruce and Douglas Fir showed an increase in bending strength of about 1-1/2 to
2-1/2 in the cold to roomtenperature strength ratio. Figure 2-22a shows the effect of
tenmperature on the nmodul us of rupture and nodul us of elasticity of three species of wood
tested in flexure and figure 2-22b shows the effect of tenperature and noisture content on
the nodul us of elasticity of plywod. One of the special characteristics of wood in the
frozen state is that failure is often sudden, w thout the usual audible advance warni ng of
overloading. Such failure occurs violently with a loud report and separation of the parts
is complete

(3) Wood piles cannot be driven into permafrost by hamer; this may dictate the use
of steel instead of wood piles. Wod and steel nust both be protected fromthe possibility
of fire damage which is a problem of major concern in rembte cold areas. (See TM 5-852-
9/ AFM 88- 19, Chap. 9[16].)

h. Metals. The predoninant problem encountered with use of metal in cold regions is
cold enbrittlement fracture. Cenerally speaking, as tenperature is |owered the hardness,
yield strength, nodulus of elasticity, and endurance limt of nost nmetals and all oys
i ncrease. However, many of these sane netals becone enbrittled at reduced tenperatures and
will shatter or fracture when subjected to stresses (especially due to inmpact) that would
be all owabl e at normal tenperatures. Characteristic of this type of failure is |lack of
deformation or prior indication of failure.

(1) Arelatively small group of pure metals remains ductile at |ow tenperature,

i ncl udi ng nickel, copper, alum num |ead and silver. Several other nmetals such as
magnesi um zinc and berylliumare brittle, with little ductility even at roomor slightly
hi gher tenperatures. The behavior of ferrous nmetals covers a very broad range of
possibilities. The brittlenmess of carbon steels increases with the carbon content (up to
0.25 percent), and higher carbon steels may be expected to be brittle. Although specia
alloy steel is not likely to find application in foundation work, it may be noted that

addi tion of nickel in the amount of 2-1/4 percent will ensure satisfactory properties of
steel to tenperatures of -50 deg. F and additional anmounts up to 9 percent will increase
the range to -320 deg. F. Alnost all alum numand titanium alloys can be used at |ow
tenmperatures (except high strength alum numin which stress concentrations are likely to
occur) and essentially all nickel and copper base alloys. However, because the properties
of zinc and its alloys are adversely affected by | ow tenperature, brass, a zinc-copper
alloy, is unsuitable for |ow tenperature use. Parts nmade from brass have been known to
shatter under nornmal handling techniques. Galvanizing has shown cracking and spalling when
subjected to cold in arctic areas if the coating was too thick

(2) Cold enbrittlement susceptibility of the steels used should be known,

and the possible effects of the tenperature extrenmes and types of |oads which will be
experienced during both construction and subsequent operation should be exam ned. As

evi denced by years of experience with mld steels in structures throughout Al aska, it
shoul d not be necessary to use special alloys in structures and foundati ons when the nunber
of fatigue cycles or dynamc stress level is |ow However, the possibility of brittle
fracture in either structural conponents or construction equipnent under other conditions

i ncluding the construction phase nust always be kept in mnd. For exanple, conponents of
excavating equi pment often fail when operated at extrenely | ow tenperatures unless they are
kept heated or are made of special, higher cost steels.

(3) Steel piles can be driven successfully into permafrost conposed of finegrained
soil (sand, silt or clay) at soil tenperatures down to about 25 deg. F. Steel pipe piles, 6
inches in dianmeter (schedule 80), were driven with a diesel pile hamrer to a depth of 21
feet into the silt-ice soil at the Kotzebue Air Force Station in the late winter with soi
tenperatures approximately as indicated in figure 1-3 for 11 February 1960. Conpressed
air, diesel and vibratory hamers have been used successful l y[47, 48, 49, 134].

Exam nati on of steel pipe and Hpiles installed for periods of 8-11 years at the U S. Arny
CRREL field station at Fairbanks, Al aska, showed that the I ength of pile enbedded in
per maf rost was unaffected by corrosion and only insignificant effects were observed in the
annual thaw zone[ 183, 184]. Protective coating of steel in the annual frost zone,
therefore, is optional; it may be needed only under special local conditions. Paint or
simlar protective coatings reduce the potential tangential shear which can be devel oped
between frozen soil and pile surfaces and care nust be taken that such materials are not
appl i ed bel ow the | eve
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Table 2-2
Specific gravity of typical species at
Ponder osa pi ne 0.40
Lobl ol Iy pine 0.51
Sitka spruce 0. 40
Dougl as-fir, coast type O0.48
White fir 0. 37
Static bending:
Fi ber stress at propor-
tional linmt, ps
Modul us of rupture, ps
Work to maxi num | oad
in. Ib/in. +3+
32.4G+1. 75+
Total work, in. Ib/in.+3+

Modul us of elasticity,
1000 psi
I npact bendi ng, hei ght of drop
causi ng conplete failure, in.
94. 6G+1. 75+
Conmpression parallel to grain

Fi ber
limt, ps

Maxi num crushing strength,
psi

Modul us of elasticity,
1000 psi

Conpr essi on perpendicular to
grain, fiber stress at propor-

tional limt, ps
4, 630G+2. 25+
Har dness
End, Ib

4,800G+2. 25+

stress at proportiona

Specific Gavity and Strength of Wod[ 143]

12% noi sture content are:

West ern hem ock 0. 48
East ern hem ock 0.41
Lodgepol e pi ne 0.41
Engl el mann spruce 0. 34
Al aska cedar 0.44

(Forest Products Laboratory,
U. S. Departnent of
Agricul ture)

Specific Gravity-Strength Rel ati on*

(12% Green wood

Air-dry wood
noi st ure

content)

10, 200G+1. 25+

17, 600G+1. 25+

16, 700G+1. 25+

25, 700G+1. 25+

35. 6G+1. 75+
103G+2+ 72. 7G+2+
2, 360G 2, 800G
114G+1. 75+
5, 250G 8, 750G
6, 730G 12, 200G
2,910G 3, 380G

3, 000G+2. 25+

3, 740G+2. 25+



Side, Ib 3, 420G+2. 25+

3, 770G+2. 25+

*The properties and val ues should be read as equations: for exanple,
nmodul us of rupture for green wood = 17, 600G+1. 25+ where G represents the specific gravity
of oven-dry wood, based on the volune at the mpisture condition indicated.

(Courtesy of Forest Products Laboratory USDA)
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[retrieve Figure 2-19. Influence of noisture and tenperature on strength of wood]
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[retrieve Figure 2-20. Effect of temperature on strength of wood]
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[retrieve Figure 2-21. Toughness shown in flexure test]
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[retrieve Figures 2-22a and 2-22b. Effect on Flexure Properties and of Tenperature and
Moi sture Content on Mddulus of Elasticity of
Whod and Effect of Tenperature on Fl exure
Properties and of Tenperature and Misture
Content on Modul us of Elasticity of Wod]
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of the permafrost table which will exist after construction[23]. Protective coatings which
are brittle or which have |linear shrinkage coefficients widely different fromsteel should
be avoi ded

c. Concrete and nmasonry. Portland cenment concrete is an extrenmely useful material in
the cold regions. Gavel and sand deposits and/or rock exposures are usually readily
avail able (though this is not necessarily so). Wth proper processing of these deposits
and with suitable water available, only the cement and air-entraining component has to be
imported. Good concrete is durable[210] and presents no fire hazard. Because concrete
needs to be warm during m xing, placenment and curing and because it generates heat
internally for a considerable tine, difficulties arise when concrete is to be placed on or
near permafrost (See TM 5-852-6[14] for conputations on heat of hydration and its effects.)
(1) Concrete which is exposed to freezing at very early periods may be
damaged sufficiently to seriously lower the strength and durability which otherwi se will be
attainable. It is necessary, therefore, in all cases to carefully protect concrete against
freezing for the first 48 hours and for such additional time as nay be needed to neet
m nimum strength and curing criteria (para 6-4). Beyond this critical point, concrete
hardens very slowy at |ow tenperatures, and below freezing there is alnpbst no increase in
strength or hardness. Concrete which has been kept at a | ow tenperature for a period may
resume hydration and strength gain at an increased rate when favorable conditions are
provided. |If subjected to large drops in tenperature at early periods cracking may occur
particularly if sone degree of restraint exists against shrinkage. However, concrete also
shrinks and cracks if cured quickly by too much heat. Sone research has been done to
devel op concretes which will set and gain strength at bel ow freezing tenperatures[95].
However, these depend on use of salt admi xtures. They have not yet been tried in actua
construction and the possible effects of the salts on |long range strength and durability
are unknown. They should be used with caution in reinforced or pre-stressed concrete
because of corrosion hazard and never in the presence of zinc or alum num
(2) Freezing and thawi ng cycles in conpletely cured good quality air-
entrai ned concrete are not generally harnful but if the concrete is bel ow standard or if
especi ally adverse factors exist at the time of the freezing thaw cycles the effects may be
serious. Concrete which will be exposed to frost action should have durabl e aggregates, 4
to 7 percent entrained air depending on aggregate gradation, proper consistency for good
pl acenment without segregation, adequate curing, and best possible drainage afterwards.
Concrete which is saturated prior to freezing tends to be nore susceptible to freeze-thaw
damage. For large or critical exposed structures, investigation and testing of available
aggregates including freeze-thaw testing, petrographic analysis, and detailed m x-design
studies are justified. Frost action is less detrinental in areas which are so cold that
materials remain frozen throughout the winter than in warnmer areas where frequent freeze-
thaw cycl es occur during the wi nter nonths.

(3) Tests performed by Monfore and Lentz[173] to determine the suitability
of concrete for use in underground storage structures for |iquefied natural gas ascertai ned
the characteristics of concrete in very cold tenperatures down to -250 deg. F (-157 deg.
C). Sand and gravel nmixes with three different cenent contents and one using expanded
shal e for aggregate were used. All sanples enployed air entrainment in anpbunts varying
from5.3 to 7.8 percent. Test tenperatures ranged from+ 75 to -250 deg. F (+24 to -157
deg. C. Proceeding down through the tenperature range, Young's nodul us increased
approxi mately 50 percent for the saturated sanples, increased only 8 percent for those
stored at 50 percent relative humdity, and renmined the same for the oven-dried. Poisson's
ration remai ned essentially unchanged throughout the tenperature range at approxi mately
0.22. Over the 325 deg. F (181 deg. C) range, the contraction of the sanples was in the
nei ghbor hood of 1.4 x 10+ -3+ in./in. Conpression tests showed an increase in strength
with an increase in the cenent factor. Strength curves for various cement contents
exhibited simlar trends with tenperature (fig. 2-23a). The conpressive strength of the
sanples with 5.5 bags/yd+3+ cenent content showed little change from+ 75 to + 40 deg. F (+
24 to + 4 deg. C) at about 5000 psi. At +40 deg. F (+4 deg. C) an upward trend started,
reachi ng a maxi mum of approxi mately 18,000 psi at -150 deg. F (-101 deg. C. This overal
increase in strength is due to noisture within the sanples (fig. 2-23b). Tests
on oven-dry sanples showed an increase in strength of 20 percent from+75 to -150 deg. F (-
101 deg. C), 50 percent noist sanples gained only slightly nore, while 100 percent npi st
sanpl es increased by 240 percent.

(4) Precast and prestressed rainforced concrete may be used for foundations as well
as structures in arctic regions but special care nmust be taken where frost heave,
settl enent or freeze-thaw under noist conditions may occur. Heave may, for exanple,
produce tensile stresses and cracking in reinforced concrete bearing piles. While precast
rei nforced concrete sectional buildings have been used successfull y[104], exposed joints in
such construction may be very carefully seal ed and drai nage nmust be provided where joints
can be damaged by freezing of accumulated water within the joints.

(5) Unless favorabl e foundation conditions exist or can be provided, concrete bl ock
or brick masonry construction should be avoi ded because of its poor ability to tolerate
differential novenents. When nmasonry is used for interior work, environnental protection
nmust be
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[retrieve Figures 2-23a and 2-23b. Effect of Concrete M x and Misture Conditions on
Strength of Concrete at Low Tenperatures and
Ef fect of Concrete M x and Misture
Condi tions on Strength of Concrete at Low

Tenper at ur es]
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provi ded during the construction period. For exterior applications, the additiona
possibility of freeze-thaw damage during the life of the structure nust be anticipated.
Bricks which will be in contact with frozen soil should be of SW(ASTM grade or
equi valent. The nortar rust be durable and noi sture resistant.
d. Therrmal insulating materials. Thermal conductivity values of construction
materials are usually given for the dry condition. However, many of these materials |ose
much of their insulation value if they beconme wet. Mny insulating materials will absorb
significant anounts of water (fig. 2-24 and 2-25)[70, 71,139] and care should be exercised
to select insulation material for underground use which will absorb nini num noisture and to
allow in the design for the degree of insulation inpairment from noisture which is expected
over the life of the facility. Cellular insulations exhibit extrenely varied performance
and nmust be exami ned closely before acceptance for specific installation usages; details of
manuf acture may significantly affect noisture absorption rates. Cellular glass has
performed fairly well, though not perfectly, in maintaining its |low conductivity in wet
ground[42 ,80]. Both |laboratory and field experinments show that cellular glass experiences
sl ow but progressive deterioration under wet freeze-thaw conditions. Table 2-3 shows field
test data. Figure 2-25d illustrates the effect of freeze-thaw on noisture absorption by
various board-type insul ations, but since exposure to freeze-thaw in presence of water
causes sone cell damage in cellular insulations, thermal conductivity tests, after freeze-
thaw cycl es, are considered a better determination of performance than total amount of
nmoi sture absorption after freeze-thaw, especially in those which absorb a great deal of
nmoi sture. Vernmiculite concrete or other fornms of |ightweight concrete which will gradually
absorb substantial anpunts of npisture when placed underground are unsuitable as insulating
material in bel ow surface construction. To prolong effectiveness of insulation
underground, it should be placed in positions offering mninumexposure to noisture and to
nmoi st freeze-thaw conditions. Thus, fromthe point of view of nmintaining insulation
ef fectiveness, incorporating insulation within a concrete foundation slab is preferable to
pl acing the insulation in the ground below the slab. In usages where conpl ete noisture
protection can be readily provided, such as under the floor of a structure, any conmmercia
i nsul ation or insulating conposition suitable for general building usage nay be enpl oyed
provided it nmeets other applicable requirements such as bearing capacity or conpression
criteria. Thermal properties of a nunber of materials are given in TM 5-852-6/ AFM 88- 19,
Chapter 6[14]. Insulation only slows down rate of heat conduction; it cannot prevent heat
flow. When thick gravel pads contain sonme noisture, they provide non-frost-susceptible
thermal buffers or heat sinks in which freezing and thawi ng are absorbed with m ni num
detrinmental effects; if freeze and thaw shoul d penetrate somewhat into the soil bel ow such
a gravel pad, the gravel layer helps to mnimze frost heave and to snpboth out any
differential heave or settlenent which nmay occur
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[retrieve Figure 2-24. Mbisture absorption of insulation board by soaking in water]
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[retrieve Figures 2-25a and 2-25b. Internal noisture distribution in insulation board
under different test conditions and Internal
noi sture distribution in insulation board
under different test conditions]
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[retrieve Figure 2-25c. Internal noisture distribution in insulation board under different
test conditions]
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[retrieve Figure 2-25d. Internal noisture distribution in insulation board under different
test conditions]
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Table 2-3. Misture Distribution in Cellular G ass after 20 Years Burial in the Annual
Frost Zone, Fairbanks, Al aska[42]

Test o- 1" 1- 2" 2 - 3" 3 - 4" 4 - 5" 5- 6"

Ar ea % % % % % %

RN- 5 117.0 0.7 1.4
85.0 0.1 5.8

RN- 6 115.5 2.1 2.1 103. 2 104. 3 1.8
76.5 4.4 5.3 26.0 0.3 0.6

RN- 11 55.5 1.4 12. 4 35.5 1.8 1.3
64.7 2.2 5.3 5.0 1.5 4.4

Not es on Tests Perfornmed at 20 Years;

1. Each test section was 50 ft square, asphalt-surfaced with the insulating layer in
the mddle of a 4- to 4.5-ft-thick gravel layer on a silt subgrade. The insulation in
RN-5 consisted of one 3-in. layer of 12-in. by 15-in. blocks, coated with tar top and
bottom and with points sealed by tar. The insulation in RN-6 and RN-11 was nade up of
two 3-in. layers. of 12-in. by 15-in. blocks, coated with tar between |ayers, and with
poi nts staggered and seal ed by tar.

2. Two sanples of insulation fromeach test section were tested for noisture content as
percent of dry weight. Data are shown for each of the two sanples.

3. Before noisture neasurenent, sand and tar were trinmed fromthe sanples. Sanples
were sliced into approximately 1-in.-thick |ayers.

0-1in. is the first 1-in. horizontal |ayer of cellular glass from
the top; 1 - 2. in. the second and so on.

4. Large discrepancies are noted between values for the top inch of the bottom (3 - 4
in.) layer of cellular glass in RN-6 and RN-11 and for the 4 - 5 in. layer in RN-6.
This was possi bly caused by water passing through the points between bl ocks and |ying
bet ween | ayers where the tar bond is broken

5. It was noted that cell walls had deteriorated in the upper 1/4 in.
to 1/2 in. of the blocks to the extent that the cell walls could be
easily broken by finger pressure.
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CHAPTER 3
SI TE | NVESTI GATI ONS

3-1. General

a. The site data needed for design of foundations in cold regions include the
same information as would be required in tenperate regions, but with additiona
requi renents inposed by the special climatic conditions. Al so the renoteness of the site
of ten i nmposes additional requirenents[155. Subject to design policies, general criteria,
cost limtations and the constantly changing state-of-the-art, site information needed for
design of foundations in cold regions may be sunmarized as foll ows:

Climte (general and |ocal).

Physi ography and geol ogy, including topography and surface cover. Subsurface

condi tions

Thermal regine.

Hydr ol ogy and drai nage

Materials of construction

Transportation facilities and access. Construction cost factors.

b. Availability of labor, construction equipnent and supplies. Mich of the information
needed for foundation design nust be obtained as a part of the overall facility design
However, sone elenments of needed information pertain specifically to foundations.

c. By giving adequate attention to subsurface conditions during the site selection
stage, foundation design problens and facility costs can often be greatly reduced. Wen
facilities can be sited on deposits of deep, freedraining, non-frost-susceptible granular
materi al s, design, construction, naintenance, and operational problens are all mnimzed.

d. Wen a facility such as a power transmission |line or |ong pipeline covers an
extended area, not only may a variety of foundation conditions be encountered but also a
consi derabl e range of ground tenperatures and pernmafrost conditions. In such cases it wll
be unecononical to devel op an individual design specifically for each structure or portion
of the facility. |Instead, the terrain may be divided into areas of |ike foundation
condi tions, and standard designs prepared which will be suitable over each of these areas.
Al so, a nunber of standard designs nmay be prepared to cover the range of conditions, the
particul ar design for each facility elenment to be field-selected in accordance with the
conditions actually encountered

3-2. Renote sensing and geophysical investigation

a. Aerial investigation techniques are especially valuable during the selection of the
site location itself. At tines communications or other requirenments may closely dictate the
choice of the facility site. Oten, however, the opposite is true and site selection may
i nvol ve hundreds or even thousands of square mles of potential terrain. In such cases,
renot e sensing and geophysical techniques may provide the only econom cal approach. State-
ofthe-art reviews are continued in publications by Ferrians and Hobson[ 142] and Linell and
Johnston[ 165]. Use of conventional aerial photographic techniques for terrain and site
i nvestigation in arctic and subarctic areas began in the late 1940's and the results were
reported by Frost[62]. The U S. Arny Corps of Engineers has included sumaries of these
techni ques in two Engi neering Manual s. Aerial photography and photo interpretation are
i nval uabl e in obtaining much of the needed site information and shoul d be enpl oyed
routinely as part of design studies. |Information obtained by aerial photography should be
tied in with coordi nated ground investigations. The ground studies will provide reference
data and accuracy checks of the aerially obtained data and should extend this information
in the detail necessary for actual design. The accel erating devel opment of northern North
Anerica in recent years has greatly spurred practical use of these techniques, particularly
in connection with investigations
for several pipelines[172].

b. Color and infrared photography, and radar and other special forns of

sensi ng techniques may al so be enployed. Rinker and Frost have recently discussed the
application of various type of rempbte sensing to environmental studies in the Arctic[182].
Haugen et al.[151] and Ferrians[141] are currently investigating potentials for satellite
acquisition of data under the Earth Resources Technol ogy Satellite (ERTS) program
obtaining informati on on such surface details as vegetation, snow and ice cover, ground

t enper atures, geonorphic and other evidences of permafrost, streamlevels, sedinentation
patterns, and forest fires. Electronagnetic sensing systens, both airborn and surface
operated, have been shown capabl e of distinguishing with depth materials such as soils, ice
and rock having different electrical properties[142, 144, 147], to depths of 15 neters or
nore in frozen ground. Although not yet



routinely used, such equipnment is in a state of rapid and conti nui ng devel opnent. Garg[ 147]
and Hunter[152] have reported that both resistivity and refraction types of conventi onal
geophysi cal systens have utility in permafrost areas, and Roethlisberger[84] has sunmarized
the state-of-the-art of seismic exploration in cold regions. Devel opment of acoustic
reflection type soundi ng equi pment for use in permafrost areas is in a very early state of
devel oprment. Greene[ 149, 150] and LeSchack[ 162, 163] have concluded that infrared sensing
techni ques can provi de useful infor-
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mati on on permafrost conditions. Ferrians and Hobson[142] have reviewed the currently
avail able information on applicability of bore hole | ogging nmethods in permafrost areas.
Wl liams and VanEverdi ngen[ 209] have al so concl uded that borehol e geophysical | oggi ng
nmet hods can yield valid geophysical logs in frozen unconsolidated deposits and that
interpretation is possible in terns of bulk density, noisture content and other
characteristics.

3-3. Detailed direct site exploration. Guidance for foundation investigation is given in
TM 5- 852- 2/ AFM 88- 19, Chapter 2[11] and TM 5-818-1/ AFM 88-3, Chapter 7[5] and is al so
di scussed in Terzaghi and Peck[198]. Detailed direct investigations of site conditions are
required at structure sites. Positive know edge of subsurface conditions is as inportant
in foundati on design as is know edge of properties of construction naterials in design of
above-surface structures.
a. Extent of exploration. The nunber and extent of direct site explorations
shoul d be sufficient to deternmine in detail the occurrence and extent of pernafrost, ground
ice, including ice wedges, noisture contents and ground water, tenperature conditions in
the ground, and the characteristics and properties of frozen materials, soil and rock. It
is desirable that the personnel who nake the actual site investigations proceed in very
cl ose communi cation with the design engineers so that a continuous process of feedback and
adj ustnent of the investigation programcan be naintained; as a mininum the field
personnel nust be aware of the features which are inportant in foundation design in genera
and of criteria applicable for the particular facility.

(1) A thorough soil investigation should be conducted for all new construction. Sites
with granual soils free of ice masses are highly desirable for siting of structures, and
al t hough sands or gravels of soil groups GN GP, SW and SP are generally free of
segregated ice, this is not necessarily true in all cases. Ganular soils often occur as a
cap over finer grained soils containing ground ice and superficial investigations based
only upon the nature of the surface materials may lead to very serious probl enms, possibly
many years after conpletion of construction. Buried ice wedges, old stream channels, and
peat deposits containing excess ice may be present. As figure 3-1 suggests, a single
shal | ow exploration, or a fewwi dely scattered ones may fail to reveal the true subsurface
conditions. Experience also shows that bedrock often contains substantial masses of ice
whi ch woul d produce substantial settlenent on thaw, bed rock thus cannot automatically be
assuned to provide a sound foundation. Bedrock should be explored by core boring nethods
to obtain undisturbed frozen cores whenever this possibility would be a factor in the
foundati on design

(2) Explorations at the structure site should extend to a depth at |east equal to the

| east width of the foundation, unless icefree bedrock is encountered at shal |l ower depth.
In addition, the explorations should enconpass any foundation materials subject to possible
thaw during the anticipated |life of the structure, as illustrated in figure 3-1. For
structures with pile foundations, the explorations should establish the nature of materials
in which the piles will be supported.

b. Techni ques of subsurface exploration. Frozen soil nmay have conpressive strength as
great as that of lean concrete (para 2-5). Frozen glacial till at very |ow tenperatures
has been described as behaving exactly like granite in excavation and tunnelling work.
These properties make subsurface exploration in frozen materials consi derable nore
difficult than in unfrozen soils and sonetines have led to acconplishnent of |ess
subsurface exploration than needed, with disastrous results. Persons responsible for
subsurface exploration, therefore, should be prepared to bring extra noney, effort, talent,
and equi pnent to bear on the problem

(1) Deep core drilling using refrigerated drilling fluid to prevent nelting of ice in
the cores gives the best results under the w dest range of materials up to and including
frozen soils containing particles up to boul der size and frozen bedrock.[153, 161] Cores
obtai ned by this procedure are nearly conpletely undi sturbed and can be subjected to the
wi dest range of |aboratory tests. They permt ice formations to be inspected and neasured
accurately after renoval of the drilling-fluid-saturated out surface. Cores should be
phot ographed for record purposes when appropriate, and when | ow tenperature storage cannot
be

provided. In fine grained soils above 25 deg. F, drive sanpling is feasible and is often
consi derably sinpler, cheaper, and nore rapid. Sanples obtained by this procedure are
sonmewhat disturbed but they still permt accurate detection of ground ice and accurate

noi sture content determinations on speci nens. Exam nation and sanpling of natural and man-
made exposures in the general site area may be hel pful but care is necessary to avoi d being
m sl ed by sloughing of the face or by rapid nelting and di sappearance of ice when air
tenperatures are above freezing

(2) Test pits are also widely useful, especially in shallow granul ar deposits
intended for borrow. For frozen soils, which do not contain very many cobbl es and
boul ders, truck nounted power augers using tungsten carbide cutting teeth provide excellent
service where classification, gradation and rough ice content information will be
sufficient; this procedure is very useful for expansion of subsurface information where



critical details have already been established by nore wi dely spaced undi sturbed core
drilling techniques. |In both seasonal frost and permafrost areas a saturated
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[retrieve Figure 3-1. Required extent of explorations for large structure]

condition is common in the upper |layers of soil during the thaw season so |long as the
underlying layer is frozen inpervious soil. Normally, borings nmust be cased through this
saturated thawed layer. It is frequently found that explorations are nost easily carried
out during the colder part of the year, when water areas and the annual frost zone are
solidly frozen, rather than during the summer.

c. Special investigations. Special investigations nay be necessary for

unusual projects; for exanple, the installation of a nuclear power plant may require
installation of tenperature sensing equi pment on a nmuch nore el aborate scale than for an
ordinary structure. Again, for structures in which the dynanic response of the foundation
is inportant, neasurenents may be required of dynam c nmodul us and wave propagation

velocities in the field and in the | aboratory. |In other cases creep deformati on of
el ectrical properties of the foundation (such as for grounding of antennas) may be
critical. Installation of test piles may be required during the site investigation or

early construction phases in order to deternine optinum nethods of installation and the
actual all owabl e | oadi ngs and performance of piles. Sonetines other field experinments may
be required in order to determne if new or untried construction nmethods are feasible under
the particular soil and tenperature conditions.

3-4. Site technical data. Careful collection of data as outlined in the foll ow ng

par agraphs of this Chapter as applicable will provide a reliable picture of the natura
subsurface conditions existing at a specific site and will provide a solid base of
information for consideration of design options and performance of npst design anal yses.
Addi ti onal special technical data devel opnent nay be required, depending on the specific
type of foundation design to be explored. This may involve either |aboratory or field
tests, or both. Field tests must normally be perfornmed at the naturally occurring field
ground tenperatures; if the tests cannot be perfornmed at the critical design tenperatures
because of time or other requirenents, the results nust be adjusted or extrapolated to
these tenperature conditions. Laboratory tests may be perforned at col droom or test
chanber tenperatures which are representative concontrolling field conditions and al so
permt econom cal investigation of the effects of full ranges of conditions. |If the
general site conditions have becone clearly established in previous design studies at the
particul ar |ocation, foundation studies for subsequent facilities construction nay often be
| ess extensive and may in fact sonetinmes consist mainly of verification explorations.
General information requirenents for site selection and devel opnent have been outlined in
precedi ng paragraphs and are given in detail in TM 5-852-2/ AFM 88-19, Chapter 2[11]. The
followi ng discussionis limted to specialized
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aspects of cold regions foundation design for a specific facility.

a. Climatic data. Some climatic data such as tenperature information will provide
direct input to the technical foundation design. Oher data will provide indirect input,
such as weat her conditions which will be experienced during the construction period,

i ncluding the | engths of the outdoor working seasons and of the specific periods over which
protection agai nst adverse tenperature conditions will be required. Freeze and thaw

i ndexes are essential for conputing depths of freeze and thaw and for estimating
degradation or aggradation. Precipitation is an indicator of both outdoor working

condi tions and of surface and subsurface drainage conditions. Snowfall anobunts, the
frequency and intensity of snow drifting, snow depths, and the frequency and intensity of

icing conditions are all inportant input elenents affecting directly or indirectly the
foundati on design. The deposit of ice and snow may frequently inpose severe | oads on
structures and foundations. It is inportant to tabulate liquid and solid types of

precipitation separately. Wen snow drifting patterns may be inportant to the operation
and mai ntenance of the facility, it is desirable to obtain aerial photographs in the spring
after initial thaw has started to delineate sharply the natural patterns of seasona

accurnul ation. Information on wind directions and velocities and the frequency of storms is
essential in design of structures and it is one of the determinants of foundation design
| oadi ng values. In nountain areas, structures may require design for velocities as high as

200 to 250 npg, inposing severe foundation stability requirenments. O ten foundation uplift
forces produced by wind on specialized structures such as antennas offer the nost critica
foundati on design problens in permafrost areas. |f added footing weight and size or added
depth of footing burial is required to resist uplift, this may result in substantia
revisions of the ultimte design. Conbinations of severe climatic conditions nust also be
i nvestigated. For exanple, severe icing conditions conbined with high wind nay be critica
for a radio transmission tower. \Wen there are no weather records froma station near the
proposed site, it will be necessary to estinate conditions at the site fromweather records
at the nearest available |ocations, taking into account such factors as |atitude,

el evati on, exposure, and nearness to water bodies. Experience shows that this estinmation
is difficult to acconplish with accuracy. Therefore, whenever the tine and nature of the
job permt, arrangenments should be nade for collection of at |east elenentary weat her data
at the site itself at the earliest possible tinme; even records for part of a year may give
i nval uabl e checks on the accuracy of estinmates. Sonetines design, naintenance and/or
operational difficulties may be substantially sinplified by small, |ocal adjustments of
site |l ocation based on detail ed know edge of |ocal conditions.

(1) Specific weather information useful in foundation design includes mean, m ninum
and maxi mumdaily air tenperatures; precipitation (liquid and solid); snow and ice depth on
the ground; wind velocity and direction; and frequency of stornms or severe conbi nations of
conditions. Air tenperatures are the nost inportant data; they are obtainable with a
sinpl e recorded needing a mnimum of attention

(2) Even observations for a linmted period such as a nonth, when conpared wth
si mul t aneous observations at the nearest regular weather stations, will give valuable clues
concerning the air tenperature regine of the structure site.

(3) Equipnent, installation and observational procedures should be in

accordance with the gui dance of the National Oceanic and At nospheric Admi nistration Federa
Met eor ol ogi cal Handbook No. 2, Substation Observations[178]. G eater technical detail is
avai |l abl e i n Handbook No. 1, Surface Observations[177].

b. Subsurface thermal reginme. Gound tenperatures with depth have been

recorded for numerous specific locations in North Anerica and G eenl and, including a nunber
of stations in Alaska[10, 25, 29, 37, 99, 101, 102]. Data from such observations and air
tenmperature records, together with detailed data on topography, elevation, snowfall and
other site data, pernit approxinmate prelinmnary estimtes of ground tenperatures at new
sites. However, it is very easy for such estinates to be considerable in error unless al
pertinent factors are accurately perceived and eval uated. For exanple, permafrost is found
in the valley bottons in the Fairbanks, Al aska, area but is absent in valley bottons in the
Knob Lake, Quebec, area in spite of a |lower nean annual tenperature. One key

reason for this is the much heavier snowfall in the latter area. Again, at Kotzebue,

Al aska, nean ground tenperature in the gravel spit on which the village is located is about
29.7 deg. F but it is about 24.5 deg. Fin the silt and clay bluffs which are at only
slightly higher elevation but are nore renoved fromdirect contact with the effects of the
ocean.

(1) At new sites, ground tenperature and freeze and thaw penetration information
shoul d be obtained as early as possible in the site investigations, in sufficient detail to
denonstrate or verify the subsurface thermal regi me. Copper-constantan thernocoupl es
installed in foundation exploration holes or in holes drilled for this specific purpose
provi de the sinplest neans of measuring subsurface tenperatures. Readings with an absolute
accuracy of about +/- 0.4 deg. C (3/4 deg. F) may be obtained manually using a portable
potenti ometer. When greater precision is needed than is obtainable with thernocoupl es,
therm stors of a select type, glass-bead encased and properly calibrated, should be
enpl oyed. Careful techniques can readily produce data fromther-
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m stors accurate to +/- 0.01 deg. C (0.02 deg. F), although under field conditions with
| ess than fully experienced observers, a |ower order of accuracy nmay be obtained. A nore
detail ed di scussion of tenperature sensors is presented in chapter 7 (para 7-4). To obtain
a good neasure of the mean annual ground tenperature, at |east one tenperature installation
shoul d extend to a depth of about 30 feet. Readings during the period of therna
stabilization followi ng installation should be discounted. Readings during the sumrer and
fall when readings in the upper part of the foundation are at their warnest are nost
important. One or nore of these assenblies should be installed in areas which will not be
di sturbed by the construction, in order to serve as a control against which ground
tenmperatures in the construction area during and after construction nay be conpared.
(2) The nmaxi mum seasonal depth of thaw penetration can be readily neasured
at the end of sumrer or in early fall by probing, test pitting or other means, correl ated
with soil tenperature readings

(3) Thernocouple and thernistor assenblies are usually prefabricated in protective
pl astic tubing before delivery to the site. Recomended principles and techni ques of
subsurface tenperature neasurenent are presented in a paper by Sohl berg;[92] his report
i ncl udes an extensive bibliography.

c. Physiography and geology. Even if only a single structure is involved,

physi ographi c and geologic information on the general area should be established.
Information on the surrounding terrain will often be invaluable in interpretation of the
detailed exploration results at the site itself. Bedrock exposures, glacial |andforns,
al luvial deposits and simlar features should be known. Surface cover conditions of the
site should al so be recorded and are essential for estinmating the extent of change in

thermal regine which will be produced by the construction. Topographic data are an
essential requirenent.
d. ldentification and classification of foundation naterials. The nopst inportant

single step in foundation investigations is the accurate description and classification of
the exploration materials in accordance with the Unified Soil Cassification System M L-STD
619B including the frozen soil classification system[1] The frozen soil portion of this
system has been devised on the basis of experience of United States and Canadi an
organi zati ons[ 167] .

(1) The frozen soil classification system provides information on the factors of
appear ance and physical properties which are essential guides to the nature and behavior of
the material in the frozen state and to the changes which may occur upon thawing. It is
i ndependent of geologic history or node of origin on the materials and can be used with any
types of sanples which show the natural structure of the materials, such as speci nens
recovered fromdrill holes or test pits, or frozen in the l|aboratory. Unfrozen soils and
the soil phase of the frozen materials should first be identified; the materia
characteristics resulting fromthe frozen state are then added to the soil description as
appropriate. Inportant ice strata found in the foundation are then described separately.

(2) Frozen soils are divided into two major groups: soils in which segregated ice is
not visible to the naked eye, and soils in which segregated ice is visible. The visua
division is not necessarily determ native for thaw settlenent potential. The boundaries
bet ween frozen and unfrozen strata should be carefully recorded, particularly in nargina
permafrost areas. Surface cover materials should be included in the exploration records
and shoul d be described especially carefully. Tests in the field and/or |aboratory such as
for soil gradation and Atterberg Linmits may be enployed as needed to supplenent the field
identification

(3) The result will be an exploration log of the type illustrated in figure 3-2
where an obvi ous thaw settlenment potential exists, as revealed by the ice layer from7.7 to
9.1 feet. This information may by itself decisively limt the design options and deternine
the needs for further foundation data
e. Density and noisture content. The dry unit weight and natural noisture
contents of both frozen and unfrozen core sanples or frozen |l unps shoul d be determ ned.

The bul k densities of representative frozen core sanples or frozen | unps should be first
obtai ned. Then the sanple should be nelted and the dry weight of solids and the noisture
content as a percent of dry unit weight obtained. This will give a plot of dry unit weight
and noi sture content vs.

depth as shown in figure 3-3. From know edge of the common noi sture content ranges for the
foundation materials encountered and fromthe nunmber and thicknesses of ice |ayers
encountered, the existence of a potential settlement problemin thawi ng may be i nmmedi ately
apparent if anpunts of ice are appreciable. However, quantitative analysis of the anpunt of
settl enent which will occur can readily be nade through the procedures outlined in f bel ow.
(1) The maxi mum heave that can occur as a result of in-place freezing of the

wat er present in the voids of a non-frost-susceptible soil (w thout ice segregation) may be
conputed by the follow ng fornmnul a:

[retrieve Equation 1]

(2) The expansion on freezing of non-frost-susceptible soil is negligible
under nomi nal confi nenent
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[retrieve Figure 3-2. Typical exploration |og]
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[retrieve Figure 3-3. Dry density and water content vs. depth for a soil exploration in
per maf r ost ]

if it is sufficiently well-trained so that the excess volume of water corresponding to the
expansi on of water upon freezing can escape. The top few inches of soil, under less than 1
psi of confining pressure, may "fluff" during freezing; this is usually of negligible
practical inportance except to trafficability in the thawing season. However, because
natural soil may not be conpletely non-frost-susceptible and because drai nage bel ow t he

pl ane of freezing may not always be perfect, freezing of upper layers of soil may have nade
them | ess conpact than underlying materials. This effect nay extend as deep as 30 feet.

f. Thaw consolidation and settlenment. Wen quantitative data are needed on the anount
of settlenent which will occur on thaw under the foundation stresses which will exist after
construction, rapid estimtes nay be nade by cunul atively measuring amounts of ice visible
in core sanples or in test pit or excavation exposures. |f anounts of ice are substantia
these results may be determnative. For less clear-cut situations, such as where ice is
relatively uniformy distributed through the soil rather than occurring as individual ice
| ayers, where clear ice is apparent but there still nay be direct particle to particle
contact in the soil structure, or where swelling rather than reduction in volune may occur
t haw consol i dation tests woul d be performed on frozen, undisturbed samples. Crory[135] and
ot hers have discussed test procedures and anal yses. Two nethods of perforning such thaw

consolidation tests are available. |In one, frozen core sanples are trinmed under col droom
conditions to fit a standard soil consolidonmeter apparatus.[135] An initial conpressive
stress, nominally 1 psi, is applied to the frozen specinen; it is then allowed to thaw and

consolidate (or swell) under this stress to determ ne the consolidation which is
attributable primarily to the ice content of the specinen. Consolidation is allowed to
continue until at least primary consolidation is conplete. Secondary consolidation may
rarely have to be taken into account. Successive in-
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crements of |oad are then applied in accordance with conventional test procedures to
devel op plots of pressure versus void ratio as illustrated in figure 3-4 or pressure versus
settlenent strain as illustrated by figure 3-5 to enconpass the stress |evel which may be
expected in the foundation. The anmount of settlenment which nmay be expected at the level in
the foundation represented by the specinen may then be conputed fromthe vol une change
information. Note in figure 3-5b that the initial conpressions of sanples which are thawed
after application of the initial |oad were nuch nore than for the sanples thawed prior to
application of the initial load. Where tine-rate of consolidation information is needed it
can be computed fromthe individual increnmental conpression versus tine records.

(1) As an expedient nethod to obtain a neasure of the volune reduction which
may occur on thawi ng of materials which cannot conveniently be trimed to fit into a
standard consol i donmeter, a lunmp of the frozen naterial may be placed into a bag of thin
rubber together with a length of tubing attached to a porous stone or other drainage
medi um  After evacuation of the rubber bag sufficient to bring it into intimte and
compl ete contact with the frozen soil, the initial volume of the bag and sanple shoul d be
determ ned. The specinmen should then be thawed under about 1 psi vacuum pressure
differential with drainage of the excess water permitted to occur through the tubing. The
vol une change of bag plus sanple should be nmeasured when thaw is conplete and again after
conpl eti on of each successive consolidation pressure increnment which can then be effected
under external pressure. The resulting volunme change information may be taken as
i ndi cative of the anmpunt of settlenment which will occur on thaw. The lunp nethod i s not
suitable for depth-tinme rates of consolidation as the |engths of drainage paths are
indeternminate. The results may also involve sone error fromthe fact that the
consol idation effected is not unidirectional nor related to foundation strata in the sane
manner as in the actual foundation. However, since a |large portion of the consolidation
may comonly be that resulting fromthe thaw of ice, as illustrated in figure 3-5, the test
may be a quite useful indicator.
(2) Fromplots of soil density with depth and with addition of structure
| oad stresses, the relationship of intergranular pressure with depth for the design
condi tion should be established as illustrated in figure 3-6. Using this information and
the pressure versus void ratio or pressure versus settlenent strain consolidation data, and
cumul atively summ ng the anmounts of settlenent associated with increasing increments of
t haw depth, curves of estimated settlenent vs. depth of thaw may be estimted, as
illustrated in figure 3-7 and table 3-1 for individual locations. |f the foundation
material s

[retrieve Figure 3-4. Thaw- consolidation test on undistributed sanpl €]
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[retrieve Figure 3-5. Consolidation test results for undisturbed sanples fromtwo drill
hol es at sane site. Tests perforned using fixed ring
consol i doneter. Specinmen diameter 2-5 in., height 0.8 in..]
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[retrieve Figures 3-6 and 3-7. |Intergranular pressure vs. depth for three explorations at
sane site and Estimated settlenment vs. depth of
thaw for different explorations at the sane
time.]
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Table 3-1. Exanple of Settlenment Estinmate -- Location A figure 3-7.

Aver age Set t| enent Cumul ati ve

Dept h pressure Strain of layer settl ement

(ft) (psi) (in./in.) (in.) (in.)
--------------------------------------------------------------------------------- 10- 15

11.6 0.064 3.843.84

15- 20 13.60. 036 2.16 6. 00
20-25 15. 80. 0425 2.55 8. 55
25-30 17.80. 124 7.44 15. 99
30- 35 19.60. 088 5.28 21.27
35-40 21.20.071 4.26 25.53
40- 45 22.80.089 5.34 30. 87
45-50 24.30.070 4.20 35. 07

Notes: 1. Values for average pressure determined from"Adopted Site working Curve" in
Figure 3-6

2. Values of strain for first five layers taken fromplots of pressure vs strain
in Figure 3-5a for Exploration A. Values for three |ower |ayers determ ned
fromsimlar plots not shown.

may be expected to consolidate nearly as rapidly as thaw progresses, the rate of settlenment
will correspond closely intime with the rate of thaw. Because the thaw front under a
heated structure advances nore rapidly at the center than under the edges, as illustrated
in figure 4-9, the actual distribution of settlenent displacenent across the foundation
normal ly will develop in a dish shape

g. Thermal properties. The basic thernal properties of soils and other construction
materials pertinent to foundation design are specific heat, thernmal conductivity and | atent
heat of fusion. Satisfactory values of thernmal conductivity and specific heat of these
materials for design conputations are available in tables and charts of TM 5-852-6,[ 14] the
val ues for soils and rock being based primarily on investigations by Kersten.[72] Because
speci al equi pnent is required, special neasurenent of perties for design purposes is not
recomended for normal design situations.

(1) If perfornmance of thernmal conductivity tests is required, however, it is

recomended that the guarded hot plate nethod be used, ASTM C 177,[119] with equi prent
nmodi fied to maintain speci nen tenperatures below freezing. CRREL has test apparatus of
this type and has perforned research on thernal properties of construction nmaterials at
bel ow freezing tenperatures.[71] Thernal conductivity probes have been extensively
i nvestigated[ 108, 171] but procedures which will produce reliable results under al
condi tions have thus far not been devel oped

(2) The thermal conductivity of soil is dependent upon a nunber of factors
such as density; noisture content; particle shape; tenperature; solid frozen, unfrozen, or
partially frozen. The latent heat of fusion of soil is dependent upon the ampunt of water

in the voids which actually freezes. The specific heat capacities of soils may be
adequat el y conputed by sunming the specific heat capacities of each constituent, multiplied
by its respective mass fraction, taking into account noisture phase proportions. Anderson



and Tice[ 123]

have made detail ed investigations of the unfrozen water contents in frozen

soi |l s and Anderson and Myrgenstern[121] have recently summari zed ot her rel ated fundanent al
thermal research since 1963.
h. G ound water records. Know edge of surface and
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subsurface drai nage and water table conditions of the general area is needed for accurate
design. Under bodies of water, the permafrost table may be depressed or permafrost may be
absent, particularly in marginal permafrost areas, and subsurface noverment of npisture

t hrough these unfrozen zones may be an inportant factor influencing the thermal stability
of the foundation. It may al so be possible to exploit such zones as water supply
sources. [ 191, 209] When residual thaw zones carrying subsurface drai nage devel op, the thaw
zones tend to deepen and channelize and when these devel op near a foundation, they may
threaten its stability. Even where noisture-bearing residual or permanent perched thaw
zones do not exist, substantial quantities of water and heat nay be transported by
subsurface flow in the annual frost zone in the sunmer. Thus sufficient information is
needed so that both surface and subsurface drai nage conditions within the vicinity of the
structure and foundation after construction can be anti ci pat ed.

(1) Gound water |levels encountered in subsurface explorations should be

recorded routinely, whether in seasonal frost or pernmafrost areas. |In the saturated silty
soils common in permafrost areas, as illustrated in figure 2-4, the ground water table in
the annual frost zone nmay drop rapidly during the fall and early wi nter and di sappear well
bef ore annual freezing reaches permafrost level. However, as further illustrated in figure

2-4, frost heave may continue alnost up to the tine freeze-up is conpl ete because, in
frost-susceptible finegrained soils, 95 percent or higher degree of saturation may stil
prevail at the monment when renoval of noisture causes a free water table to disappear. In
per maf rost areas the absence of a water table in the annual frost zone in the freezing
season should not be taken to indicate that high ground water will not exist in sumer.

(2) Ground water considerations are further discussed in Chapter 4 (paras 412 and 4-
18) and Chapter 7 (para 7-6).

i. Frost susceptibility. Criteria for susceptibility of soils to ice segregation based
upon the percentage of grains finer than 0.02 mm by weight are outlined in TM 5-818-2[ 6].
Wiile 3 percent finer than 0.02 mmis the nost common dividing |ine between soils
suscepti bl e and not susceptible to ice segregation, frost heave and subsequent thaw
weakeni ng, and is used widely in pavenent engineering, this is a very rough neasure, an
engi neering rule of thunmb, signifying not zero frost susceptibility but a level which is
acceptably small for nobst engineering requirenments under average conditions. For a
specific soil, the actual limting criterion for frost susceptibility may be either bel ow
or above this value. For borderline materials or where a neasurenent of frost
susceptibility is essential, freezing tests will be carried out under the supervision of
the U S. Arny Cold Regi ons Research and Engi neering Laboratory, Hanover, New Hanpshire.
Because of possible serious structural and operational effects of differential frost heave,
the site investigations should ascertain the horizontal variability of frost heave
potential under the structure. Variation may occur frompoint to point as a result of
differences in soil type, properties or profiel, or in noisture availability. Figure 3-8
illustrates a special case of such variability which resulted in serious cracking, in the
first winter, of a newrigid pavement at the west end of the East-Wst taxiway at El mendorf
AFB, Anchorage, Alaska, with 72 inches conbined thickness of pavement and non-frost-
suscepti bl e base over the natural soil subgrade. Maxi num heave was about 0.4 feet. The
pattern of cracking shown in figure 3-8, which also continued out through the unpaved
shoul ders, directly corresponded with a pattern of extreme subgrade soil variation. The
soil conditions are illustrated by a profile recorded in a trench dug parallel to the south
edge of the taxiway, (fig. 3-9). The Alaska District, Corps of Engineers, concluded that
the alternating strata of sands and silts had been contorted by glacial shoving into their

near-vertical positions. It will be apparent that design of structure foundati ons on such
soils would require special attention to the subsurface details.
j. Frost heave field observations. It is often necessary or useful to have

gquantitative information on the amount of frost heave which occurs at a project site.

Si nce heave and settlenment are cyclic, the amobunt of frost heave can be deternined by
nmeasuring either total heave, which occurs during fall and winter, or total thaw
settlenent, which occurs in spring and summer. Aitken[28] describes one type of apparatus
used in nmeasuring frost heave of the ground

surface. Where roads exist, the amount of heave may be determinable at fixed structures
such as bridge abutnments or culverts. Effects of frost heave or frost thrust can often be
di scerned by the evidence of frost jacking out of the ground or tilting of insufficiently
anchored and inadequately constructed facilities. In summrer, nud lines may often be

di scerned on surfaces of piles or structures as the heaved surface recedes with thaw. Thaw
consol idation tests can also be perfornmed on cores of frozen materials obtained fromthe
annual frost zone after maxi mum wi nter freeze had occurred. Where sone frost heaving of
the facility under design is to be permtted, as for a transm ssion tower, but the anpunt
must be limted, the design predictions nmay be verified by constructing a prototype
foundati on without superstructure but wi th equival ent ground cover, loading it, and
observing its performance through a freezing season

k. Creep and solifluction. Slope creep is extrenmely slow downsl ope novenent

of surficial soil or rock debris, usually inperceptible except by |ong-term obser-






TM 5- 852- 4/ AFJMAN 32-
1087
[retrieve Figure 3-8. Pattern of cracks in taxiway pavenent]
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vation, and solifluction is the perceptible slow downsl ope fl ow of saturated nonfrozen soi
over a base of inpervious or frozen material. Creep may be frost creep, resulting from
progressive effects of cyclic frost heave and settling, or may be sinply extremely slow
continuing deformati on of frozen or unfrozen materials under stress. Wen siting of a
facility in a |ocation possibly susceptible to such conditions is contenplated, carefu
study of the terrain should be made for possible evidences of such movenents. Were
nmovenent is suspected but is not obvious it rmay be necessary to install novenent points on
the slope in question and obtain actual neasurenments by careful surveying techniques. |If
ei ther visual observation or nmeasurenents indicate a problemexists, the site should be
avoided if at all possible, because stabilization or protective measures agai nst such
movenents are likely to be extrenely expensive or even inpractical. Obvious evidences of
slope instability are the bending of vegetation growth patterns out of the normal vertica
position, |obe-like thrusts of material over downslope material, traces of sloughs or
actual slides and displacenents of roads or other facilities fromtheir origina
alignments. Mst such evidences are even nore readily reveal ed by air photos than by on-
t hesurface inspection
I. Oher data. The availability and quality of gravel, sand, rock, water for
portland cenent concrete, usable local tinber, and needed fill and backfill materials
shoul d be established. It is inpossible to develop realistic cost estinates for the
construction unless this is done

(1) The availability of existing or potential transport facilities, neans of access,
sources of labor, and sources of construction equiprment and supplies nust be determ ned.
These data may be controlling the decisions on type of foundation design to be enpl oyed.
(2) More detailed guidance for general site investigations is contained in
TM 5- 852- 2/ AFM 88-19, Chapter 21[11].
(3) Design technical data in the follow ng categories are discussed
separately in the paragraphs indicated

Soil strength tests (conpression, tension, shear), paragraphs 2-5, 4-4, 4-5, 4-8

Pile | oad tests, paragraph 4-8

Bearing test, paragraph 4-5

Anchor tests, paragraph 4-14
Dynam ¢ response tests (noduli, wave propagation), paragraphs 2-5, 4-6

Lateral pressures, paragraphs 4-3, 4-10

[retrieve Figure 3-9. Soil profile, south wall of trench near south edge of taxiway]
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CHAPTER 4
FOUNDATI ON DESI GN

4-1. Sel ection of foundation type. As illustrated in figure 4-1, site data, engineering
policies, general and environnental criteria, cost limtations, know edge of the state-of-
the-art, and specific facility requirenents are used to devel op the engi neering design
Cost conparisons should be made for realistically conpetitive alternate designs. Feedback
may occur at all stages of the procedure, resulting in a new or nodified approaches, design
refinements and revised cost estinmates, within constraints established by the basic data.
Selection is finally made of the foundation type which nost effectively nmeets requirenents
at mni mum cost, and design draw ngs and specifications are conpleted for this type.
Accurate cost estimates require full devel opnent of the design details covered in
succeedi ng chapters of the manual, as applicable. However, the designer should begin to
make at | east rough cost estimates early in the design process in order to insure that
efforts are applied al ong avenues nost likely to produce econonical results. |In subarctic
areas wi thout permafrost, procedures for selection of foundation type are simlar to those
in seasonal frost areas of the tenperate zones except that difficulties and expense
i nvolved in preventing uplift or thrust damage from frost heave, as by placing footing
bel ow the annual frost zone, are intensified. |In permafrost areas, however, the selection
of foundation type is nore conplex; it is rarely practical here to carry footings bel ow the
zone of frozen ground and additional factors nust be considered in design[86, 201]. The
princi pal foundation design options for foundations on permafrost are illustrated in figure
4-2. For areas of deep frost penetration wthout permafrost the design alternatives are
simlar, except that the possibility of pernmafrost degradati on does not have to be
consi der ed
a. Construction when foundation supporting conditions will not be adversely
af fected by thaw.

(1) Wienever possible, structures in arctic and subarctic areas should be | ocated on
clean, granular, non-frost-susceptible materials or rock which are free of ground ice. In
absence of subsurface exploration, per-

[retrieve Figure 4-1. Design of foundations in areas of deep frost penetration and
per mafrost. ]
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[retrieve Figure 4-2. Design alternatives]
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manently frozen sands, gravels, and bedrock cannot be automatically assunmed to be free of
i ce inclusions such as | enses or wedges (para 2-5). However, such foundation materials,
free of excess ice, do occur frequently, as in inportant areas of interior Al aska. Wen
cl ean sands and gravels, or bedrock free of ground ice, are present, foundation design can
frequently be identical with tenperate zone practice, even though the foundation materials
are frozen bel ow the foundation | evel. Seasonal frost heave and settlenent are
conparatively small or negligible in clean, granular, non-frost-susceptible materials under
nonmi nal confinement. Wen such materials thaw they remain relatively stable and retain
good bearing characteristics. The tendency of free-draining sand and gravel deposits to
have | ow ground water levels, within limts set by surrounding terrain, contributes to
their general desirability as construction sites. It is possible that |ocal sand and
gravel deposits may be found quite | oose or containing ground ice due to various causes,
such as silt inclusions within the soil nass, and sone settlenents may occur at such points
if thawed materials are reconsolidated under the effects of |oading and/or vibrations.
Whet her or not such conditions are present in significant degree nust be determined in the
course of the site investigations, and whether or not they need be taken into account in
the design and construction will depend in part on the type and inportance of the
structure. Often, measures to preserve pernmafrost are unnecessary in construction on deep
cl ean sand and gravel deposits. Figure 4-3 shows, for exanple, the very mnor settlenent
whi ch acconpani ed thaw progression under a three story reinforced concrete
[retrieve Figure 4-3. Thawing of permafrost under 3 story, reinforced concrete, 500-nan

barracks, Fairbanks, Al aska. Reference points consisted of

bolts installed in outer side of foundation wall above

ground[ 100] . ]
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bui I ding at Ft Wi nwight (Ladd AFB), Fairbanks, Al aska.[100] No adverse effects could be
detected. The settlement indicated by the earlier set of reference points in figure 4-3d

may be attributed to conpression of 2 to 6 feet of gravel backfill which had been pl aced
beneath the footings and of the 3 to 4 feet of underlying gravelly soil which was at that
time thawed to a depth of 10 feet. |In special cases, such as of very inportant or critica

structures which can tolerate only minute settlement or which transmit significant
vibratory stresses to the foundation, or where effects of thaw after constructi on would be
ot herwi se unacceptable, it may be necessary to enploy pre-thawing (b below) followed by
foundation soil consolidation and/or stabilization in accordance with the same principles
and techni ques as applicable under sinmilar situations in non-frost areas.

(2) In some cases, in areas of low precipitation, fine-grained soils may be
encountered which are free of ground ice and sufficiently dry and conpact so that they may
in theory be treated in the same way as granul ar non-frost-susceptible soils. However, the
possibility that mpoisture nay be introduced into such soils later, during or follow ng
construction such as fromroof drains, dry wells or condensate discharge, nust be
consi dered

b. Construction when foundation supporting conditions will be adversely affected by
thaw. Permafrost in which the soil is fine-textured or contains significant fractions of
silt or clay frequently contains significant ampunts of ground ice in various fornms such as
| enses, veins, or wedges. Bedrock also often contains substantial ground ice. Any change
from natural conditions which results in a warnming of the ground can result in progressive
| owering of the permafrost table over a period of years, known as degradation. Thaw ng of
high ice content materials nmay produce |arge volunme reduction and settlement of overlying
soil and structures. Consolidating soils nay have greatly reduced shear strength.
Degradati on subsidence in soils containing ground ice is alnost invariably differential and
hence potentially very damaging to a structure. The |ocal thaw depression produced in the
permafrost will tend to forma collection sunp for ground water, and underground components
of the construction may encounter a difficult water control problem Under sone conditions
| ateral soil nmovenments nmay devel op. Degradation may occur not only from buil ding heat but
al so fromsolar heating, in positions which sunlight can reach, from ground water flow, and
fromheat fromunderground utility lines. During the winter, seasonal freezing of frost-
susceptible materials may produce substantial frost heaving. For locations in areas of fine
textured soils, design should consider the follow ng alternatives, as shown in figure 4-2.

Mai nt enance of existing thermal regine.

Accept ance of the changes in the thermal regine and foundation conditions which wl

be caused by the construction and facility and all owance for these in design

Modi fication of foundation conditions prior to construction. This includes the

alternatives of removing and repl aci ng unacceptabl e foundati on conditions, and thaw ng

to elimnate pernmafrost.
The principles of these three alternative nethods are explained in the follow ng
par agr aphs.

(1) Existing thernal regime to be maintained.

(a) This design approach is applicable for both continuous and di sconti nuous
per maf r ost zones.

(b) In surface construction, it is possible to utilize the |ow tenperatures of the
freezing season to naintain permanent frozen soil conditions in the fine-grained soil at
and bel ow the depth of the foundation support by providing for circulation of cold w nter
air through a foundation ventilation systemor by some other nethod of foundation cooling.
In some circunstances artificial refrigeration systens may be necessary.

(c¢) In order for natural cooling methods to be practical, it is necessary to coo
t he upper foundation soils sufficiently during the winter so that the foundati on materials
thawed in the preceding sutmer will be conpletely refrozen, progressive annual |owering of
the permafrost table will be prevented, and there will be sufficient "storage of cold" so
t hat nmaxi mum t enperatures of permafrost do not exceed limits for safe foundati on support.
The | atent heat of fusion of the ice produced by the winter refreezing of the noisture
contained in the upper soil layers will be a mgjor factor in restricting sumer thawto a
shal | ow depth
When seasonal frost heave and settlenment of the soil under the structure nust be controlled
and sunmer thaw nust be prevented fromreaching into underlying unsatisfactory foundation
materials, sufficient thickness of non-frostsusceptible granular material should be placed
to achieve the desired effect. The flow of heat froma building to the pernafrost is
retarded, and the refreezing of foundation naterials aided, by placing insulation between
the floor of the building and the underlying foundation ventilation or cooling system

(d) To mnimze disturbance of the subsurface thermal regine, the existing
vegetative cover and seasonal frost zone materials should be protected and preserved in
non-work areas. In the areas of actual construction, however, a mat of granul ar non-frost-
susceptible material should be placed over soft vegetative cover to serve as a working
surface, unless the work can be acconplished in winter w thout essential damage to the
surface materials. Since it is generally not feasible to renove such a mat |ater and
restore the vegetative cover to its original condition, the mat shoul d
4-4
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be designed as a permanent feature of the facilities. Mat thickness criteria are discussed
in paragraph 4-2. Many types of fibrous organic surface |ayers when of sufficient
thi ckness will support a few coverages of light construction equi pnment, but | ow strength
surface materials nay require end-dunpi ng techniques even to enabl e placenent of the

working mat. However, such mat or fill is not by itself a conplete design solution when
pl aced over frozen, highly conpressible or high ice content deposits if there is any
possibility of subsequent permafrost degradation. |In order to estinate the structura

properties of the permafrost in its frozen state, the tenperatures at which it will be
mai nt ai ned nust be esti mated

(e) It will be apparent that maintenance of the existing thermal reginme is much
easier to achieve in areas of continuous pernmafrost where pernmafrost tenperatures are | ow
than in the discontinuous and borderline pernmafrost areas where there is | ess margin of
safety and greater care is required in design analysis.

(2) Acceptance of thermal reginme changes to be caused by the construction
and facility.

(a) This design approach is applicable for both continuous and di sconti nuous
per maf r ost zones

(b) If small progressive thawing is anticipated in the permafrost, settlenent of
structures nmay be avoi ded by supporting themon piles which are frozen into pernmafrost to a
depth that is well below the | evel of anticipated degradation during the planned life of
the structures and that is also sufficiently deep to resist any heaving forces during
Wi nter periods; this approach is usually only used for tenporary structures such as
construction canp buildings and the possibility of unacceptable environnental inpact nust
be considered. Piles or caissons nay al so be designed for end bearing on icefree bedrock
or other firm stable underlying formation. This nmethod is particularly feasible when the
fi negrai ned foundation soils containing ground ice forma relatively shallow cap
Designing for end-bearing is a very good approach for bridge piers or simlar structures
where foundation ventilation or simlar systens are not practical. It nmust be kept in nmnd
that once a residual thaw zone has devel oped as a result of the construction, the
tenmperature of the underlying permafrost, and its structural capacities for nenbers such as
piles, will be seriously altered

(3) Modification of foundation conditions prior to construction

(a) This design approach is applicable alnost solely in the discontinuous or
borderline permafrost areas. It has only very linited applicability for areas of
continuous, |owtenperature pernafrost.

(b) Under this alternative, one procedure would be to conpute the expected fina
extent of thawed or unfrozen foundation materials produced by construction and subsequent
facility operation and to pre-thaw and pre-consolidate the foundation within this zone.
Thawi ng techni ques are discussed in paragraph 6-2. One mgjor disadvantage of this schene
lies inthe difficulty of accurately anticipating the new thernal regine or thaw bulb
position that will be stable, particularly if permafrost is too thick to be thawed
conpl etely through; continuing thaw of pernmafrost could result in settlenent, but
refreezing at the boundaries of pre-thawing would tend to produce heave. If only a
relatively shallow | ayer of frozen fine-grained soil exists in or on an otherw se
sati sfactory granul ar foundation, the scheme may be nore practical. The Corps of Engineers
has constructed successfully performng facilities at both Anchorage and Fairbanks, Al aska,
in which the major portions of frost-susceptible soils have been prethawed, consolidated
and utilized in place with adequate heat permtted to escape to insure continuous thawed
condi tions. However, even under relatively favorable conditions, refreezing of the
foundati on when the building is vacated and heating discontinued for an extended period can
cause nmpjor facility damage under this schene. Because possible changes in building usage
over long periods are relatively unpredictable and comunication of requirenents for
continuous facility heating to successor occupants cannot be relied upon, this approach
shoul d not be used except with specific approval of HQDA (DAEN- ECEG), WASH DC 20314.

(c) The sane risk also occurs if a foundation cooling systemis installed to
stabilize the thawed regi me of a foundation where degradati on has al ready been
experienced. At a regional school at denallen, A aska, frost heave and structura
difficulties, including differential novenent of 2 inches, was apparently caused by
operation of a nmechanical refrigeration systemfor cooling under-floor air at tenperatures
| ow enough to cause progressive refreezing of underlying thawed soil.[111]

(d) \Wiere the fine-grained settlenment-susceptible permafrost soils are

limted to a relatively shall ow upper layer, say up to about 20 ft thick, and clean
granul ar, non-settlenent-susceptible soils underlie, it may be feasible to renpbve the
undesirabl e soils and replace themw th conpacted fill of clean, granular soils. Design
and construction may then foll ow normal tenperate zone techniques. The U S. Arny Engi neer
District, Alaska, has used this technique successfully at Fairbanks, Al aska.

(e) Cccasionally it may be possible to alter surface conditions at a

construction site up to several years in advance so that adjustment of the thermal bal ance
may occur naturally over a long tinme.

(f) Were permafrost is to be pre-thawed, the relative density of the soil in
pl ace, after thaw, should be
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estimated together with related effects of the changes on subdrainage in the area and the
thermal regine in the ground

(g) Preferred practice is to aimas closely as practicable at the nmethod in (1)
above, but w th know edge that construction nust inevitably effect sone changes in
accordance with the nethod in (2) above. Under the latter, design should aimat making the
changes in thermal reginme determinate. Where conditions are favorable, the nethod in (3)
above may sonetinmes obviate the need for special foundation structural design, although the
requisite conditions for enploying this technique occur somewhat rarely.

(h) Unless foundation soils are clean granular materials which will not produce
significant frost heave or settlement with fluctuations of thermal regine, it is accepted
practice to support structures either entirely on top of the annual frost zone or entirely
in the underlying permafrost zone using piles or other neans to transmit structure | oads
t hrough the annual frost zone
c. Sinplified exanple of selection of foundation type in an area of
di sconti nuous permafrost.

(1) Facility Requirenents
One story pernmanent facility, above surface
250 I b/ft+2+ mninum fl oor | oad capacity.
72 deg. F normal roomtenperature
No special thermal | oads.
(2) Site Data
Wthin 5 mles of a city, in discontinuous pernmafrost region. Construction
materials, |abor, equipnment, transportation all readily
avail abl e
Cl ean, bank run gravel borrow available 3 mles fromsite.
Mean permafrost tenperature 30 deg. F
Thawi ng i ndex = 5700
Per maf rost thickness = 200 ft continuous over site.
Overburden: 5 ft silt, non-plastic M-V+S+, over clean, frozen, thawstable
sandy gravels, GMNbn, extending to bedrock at 210 feet. No ice wedges.
Anticipated settlement of silt on thaw =1 1/2 in./ft.
(3) Since there is only 5 feet of thaw susceptible over-burden, floor
| oading is high, and gravel is available, the silt should be renpved and replaced with
gravel, and a sl ab-on-grade type foundation should be enployed. For a facility in which a
nore nodest floor |oad capacity woul d be acceptable, a basenent-type construction night be
consi dered since this would avoid the hauling, spreading and conpaction of gravel
However, a basenment water problem m ght be encountered if thaw water were unable to drain
naturally fromthe thaw bul b which will devel op under the structure.
d. Sinplified exanple of selection of foundation type in an area of continuous
per maf r ost .
(1) Facility Requirenents
One story pernanent facility, above surface.
40 | b/ft+2+ fl oor | oad capacity.
72 deg. F roomtenperature, year-round
No special thermal | oads.
(2) Site Data
Very renote site, continuous permafrost.
No | ocal trained |abor or materials. Mean permafrost tenperature + 12 deg. F.
Thawi ng i ndex = 700
Freezi ng i ndex = 8000
Per maf rost thickness = 1700 feet.
Overburden: 90 ft glacial till, silty gravel GW+r+, containing ice wedges,
over bedrock.
Anticipated settlenment of overburden on thaw = 2 in./ft of thaw depth. (3)
Because pernmafrost is very deep and continuous, as well as containing
substantial ground ice, the alternative "Mdification of Foundation Conditions Prior to
Construction" (fig. 4-2) is inpractical and inapplicable. Permafrost tenperature is |ow
enough so that a thernmally stable design is readily achievable. Under the foundation
conditions, the alternative "Acceptance of Thernmal Regi me Changes to be Caused by
Construction and Facility" is inpractica
for a permanent facility. Therefore, the possible designs shown under "Existing Therma
Regi me to be Mintai ned" should be considered. For the Iight floor |oading the ducted
foundation and the rigid structural base options are too heavy and costly and are
i nappropriate. Since there is no special thermal |oad, permafrost tenperature is |ow, and
the structure is above-surface and can have a ventilated foundation, there is no need for
artificial refrigeration. Therefore, design alternatives for permanent type foundation are
piling, spread footings, and post and pad. Choice can be nade on basis of cost after
devel opment of details for each of these types to the degree needed for resol ution

4-2. Control of heat transfer and degradation



a. GCeneral
(1) Frost and permafrost conditions, thermal regine in the ground and
effects of heat fromfacilities have been discussed in general terns in paragraphs 1-2 and
2-1. Beneath and surrounding a foundation on frozen soil, the degree of disturbance of the
normal thermal regi ne brought about by construction depends upon such factors as
constructi on nethods, exposure, drainage, snow cover and drifting, and extent of
di sturbance or change of the original surface cover, in addition to nornal heat |oss from
the structure which may reach the ground. These factors nust be taken into account in
estimating both the immediate and long termstability of the struc-
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ture foundation. Changes in the thermal regine in turn produce correspondi ng changes in
such factors as the strength and creep properties of the foundation nmedia and subsurface
drai nage. These factors are of far greater inportance to foundation stability in the
mar gi nal areas of relatively warm discontinuous permafrost than in the areas of either
cold, continuous permafrost or of deep seasonal frost.

(2) In both seasonal frost and permafrost areas, heat flow should al so be considered
inrelation to disconfort fromcool floors, the cost in added fuel requirenents of undue
heat |o0ss, and the possible desirability of sonme heat |oss to assist in protecting against
frost heave of footings.

(3) Large heat-producing structures, particularly steam and power plants, present an
especially serious foundation design problem because of the potential |arge and continuous
flow of heat to the foundation. Heavy floor |oadings often associated with such facilities
may nake it expensive to provide ventilation beneath the floor. The problemis comonly
further conplicated when severe dynam ¢ | oadi ngs occur, such as from generator equiprent.
In addition, proper operation of such a plant nay be seriously inpaired by any differentia
fl oor movenents. For these reasons, such structures should, whenever possible, be |ocated
on non-frost-susceptible granular soils in which effects of thawing or frost action wll
not be detrimental (rmeking sure that the granular soil is not sinply a relatively shallow
| ayer covering fine-grained soils containing ground ice). At heat producing facilities it
is essential to nake specific provisions for disposal of warmwater waste so that
degradation of pernafrost will not be caused by discharge of such water under or adjacent
to the foundation. Care nust be taken to avoid | eakage fromwater or steamdi stribution
Iines and of deflection against the ground of warmair fromfacility ventilating systens.
Whenever possible, heat producing plants should be housed in independently | ocated
buildings if they mi ght be sources of differential thawi ng and subsi dence for connected or
closely adjacent facilities.

(4) Thernal stability and potential frost action in foundations of unheated
facilities such as bridge piers, storage igloos, tower footings, |oading platforns, and
exterior shelter areas nust also be analyzed carefully. 1In seasonal frost areas absence of
an artificial heat source in an unheated facility, conbined in sonme facilities with the
shadi ng ef fect of the upper parts of the structure, will usually result in maximum
potential frost penetration, nmaxi num frost adhesion to the foundation, and maxi mum tendency
toward frost heave. |In pernafrost areas, on the other hand, thermal stability of the per-
mafrost is nmuch easier to achieve in foundations of unheated than heated facilities.

(5) The designer nust keep in mind that disturbance of the natural ground surface by
construction efforts will normally cause sone change in the position of the pernafrost
tabl e, even though a continuously degrading condition may not be produced. In borderline
permafrost areas it may be necessary to use vegetation, reflective paint, or shading
devices to assist in obtaining a stable pernmafrost condition for the new construction
(6) Serious difficulties may also occur if facilities in permafrost areas
designed for no heat or a relatively low heating |l evel are converted to higher heating
tenmperatures; the results may be degradation of permafrost and foundation settlement.
During design the possibility of future higher heating tenperatures in facilities nust be
exam ned; if there is substantial probability of such future conversion, design for the
hi gher tenperature |evels shoul d be seriously considered.

(7) POL and water tanks should have ventilated foundations when | ocated on

permafrost subject to settlenent on thaw. \Water storage tanks are al ways kept above
freezing and if placed directly on the ground, would cause continuous heat input into a
frozen foundati on even though insulated. PO.L nay be | oaded into storage tanks at
relatively elevated tenperatures, giving off considerable heat while cooling; also heavy
oils may have to be heated for punping

(8) In pile foundations the piles thenselves are al so potential conductors of heat
fromthe building or fromwarmair or sunlight to which they are exposed in the summer into
the foundation but this is seldoma real problem because nbst conducted heat is diffused
fromthe pile into the air ventilation space in winter or into the annual freeze and thaw
zone, within a distance of 2 or 3 dianeters
along the pile. Probing and test pitting have shown slightly deeper sumer thaw directly
adj acent to unpainted steel piles which are exposed above ground to heating by both direct
sunlight and air, but the ampunt has not been found to exceed about 12 to 18 inches in
depth for piles properly installed and is generally nmuch | ess. However, even this effect
can be mnimzed with skirting, white paint or radiation shields where needed as di scussed
in f bel ow.

(9) Care should be taken in designing foundations for refrigerated

war ehouses, refrigerated fuel tanks or simlar foundations to avoid frost heave from
progressive freezing of underlying soils. Such effects may take years to become evident.
It should be noted that insulation only slows such effects; it does not prevent them

(10) Detailed procedures for foundation thermal conputations are presented in TM 5-
852- 6/ AFM 88-19, Chapter 6[ 14].

b. Estimation of ordinary freeze and thaw penetration

(1) Design depth of frost penetration.

(a) In areas of seasonal frost conditions, the
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desi gn depth of seasonal frost penetration for situations not affected by heat froma
structure should preferably be the maxi mum found by actual neasurenent under conditions
representative of those for the facility design, or by conputations if neasurenents are not
avail abl e. Wien nmeasurenents are available, they will frequently need to be adjusted by
comput ations to the equivalent of the freezing index selected as the basis for design, as
measurenents may not be available for a winter having a severity equivalent to that val ue.
The air freezing index to be used in the estimate of frost penetration should be selected
on the basis of the expected life of the structure and its type. For average pernanent
structures, the air freezing index for the col dest year in 30 should be used; this is nore
conservative than the col dest-year-in-ten (or average of 3 coldest in 30) criterion used
for pavenent design because pernmanent buil dings and other structures are |ess tolerant of
vertical novenment than pavenents. For structures of a tenporary nature or otherw se
tol erant of some foundation novement, the air freezing index for the col dest year in ten or
even the nmean air freezing index may be used, as nay be nost applicable.

(b) For average conditions, the air freezing or thawi ng i ndex can be converted to
surface index by multiplying it by the appropriate n--factor fromtable 4-1.

(c) The frost penetration can then be conputed using the detail ed guidance given
in TM 5-852- 6/ AFM 88- 19, Chapter 6[14]. Approximate values of frost penetration nay al so
be estimated fromfigure 4-4b for

Table 4-1. n--Factors for Freeze and Thaw (Rati o of Surface Index to Air |ndex)[14]

For Freezing For

Thawi ng Type of Surface[a] Condi tions

Condi ti ons
Snow Sur f ace 1.0 -
Portl and Cenent Concrete 0.75 1.5
Bi t um nous Pavenent 0.7 1.6 to 2+ b]
Bare Soi | 0.7 1.4 to 2+ b]
Shaded Surface 0.9 1.0
Tur f 0.5 0.8
Tr ee-cover ed 0.3[c] 0.4
[a] Surface exposed directly to sun and/or air wthout any overlying dust, soil, snow or

i ce, except as noted otherwise, and with no building heat involved.

[b] Use | owest value except in extrenely high latitudes or at high el evati ons where a
maj or proportion of summer heating is fromsolar radiation

[c] Data from Fairbanks, Alaska, for single season with normal snow cover permitted to
accunul at e.
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[retrieve Figure 4-4a. Approxi mate depth of thaw or freeze vs air thawi ng or freezing
i ndex and n-factor for various honbgenous soil s]
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[retrieve Figure 4-4b. Approxi mate depth of thaw or freeze vs air thawi ng or freezing
i ndex and n-factor for various honbgenous soil s]
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soils of the density and noi sture content ranges there represented. For paved areas kept
free of snow, depth of frost penetration nay also be estimated from TM 5-818-2[ 6] or TM 5-
852-3[ 12], entering the appropriate chart with air freezing index directly.

(d) For given soil conditions, the greatest depth of penetration will be for paved
areas not affected by any artificial heat, shaded fromthe sun, and kept cleared of snow.
For heated buildings, both slab on grade and basenented, the heat flowi ng outward fromthe
foundation tends to nodify frost penetration next to the foundation wall. However, a
variety of possible situations exists. A building with a basenent offers a different
condition than one with slab-on-grade construction, and use of insulation or firring on
basement or perinmeter walls will change heat flow

(e) Penetration depths for paved areas will nearly always need to be determni ned by
comput ation rather than from measurenents. A deep snow cover may entirely prevent frost
penetration; however, the effect of snow cover should usually be disregarded for design
pur poses, as snowfall may be very small or negligible in the years when tenperatures are
coldest. Turf, nmuskeg, and other vegetative covers also help substantially to reduce frost
penetration. Sone additional guidance on effects of surface conditions is contained in TM
5- 8526/ AFM 88-19, Chapter 6[ 14].

(f) In the nore devel oped parts of the cold regions, the building codes of nost
cities specify mninmmfooting depth, based on nany years of |ocal experience; these depths
are invariably |less than the maxi mum observed frost penetrations. The code val ues should
not be assuned to represent actual frost penetration depths. Such |ocal code val ues have
been selected to give generally suitable results for the types of construction, soi
nmoi sture, density, and surface cover conditions, severity of freezing conditions, and
bui l di ng heating conditions which are common in the area. Unfortunately, specific
information on how these factors are represented in the code values is sel dom avail abl e.
The code val ues nmay be i nadequate or inapplicable under conditions which differ fromthose
assuned in fornmulating the code, especially for unheated facilities, insulated foundations,
or especially cold winters. Building codes in the Mddle and North Atlantic States and
Canada frequently specify mninmumfooting depths in the range of 3 to 5 feet. |If frost
penetrations of this order of magnitude occur with fine silt and clay type soils, 30 to 100
percent greater frost penetration may occur in well-drained gravels under the sane
conditions. Wth good soil data and a know edge of |ocal conditions, conputed values for
ordinary frost penetration, unaffected by building heat, nay be expected to be adequately
reliable, even though the freezing index may have to be estimated from weather data from
nearby stations. In renote areas, reliance on conputation of the design frost depth for
the specific local conditions at the proposed structure |ocation may be the only
practicable or possible procedure, as opposed to reliance on neasurenents.

(2) Design depth of thaw penetration. Seasonal thaw penetration in permafrost areas
typically begins in May or June and reaches maxi mum depth in the ground in the period July-
-Septenber, as illustrated in figures 4-5 and 4-6. Under paved areas exposed to sunshine,
particularly black bitumnm nous pavenents,

[retrieve Figure 4-5. Thaw progression under undi sturbed surface]
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[retrieve Figure 4-6a. Thaw vs tine]
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[retrieve Figure 4-6b. Thaw vs tine]
seasonal thaw penetration in high density, extrenmely well-drained granular materials my be
substantial and in marginal permafrost areas may reach as nmuch as 20 feet. Thaw depths
under non-paved areas reach typical values as illustrated in figure 4-7 and thaw may vary
seasonally fromplace to place on an airfield site as shown in figure 4-8. The air thaw ng
index to be used in the estinmate of seasonal thaw penetration should be established on the
same statistical basis as outlined in (1) above for seasonal frost penetration. The air
t hawi ng i ndex can be converted to surface thawi ng index by multiplying it by the
appropriate thaw ng-conditions n-factor fromtable 4-1. The thaw penetration can then be
comput ed using the detail ed guidance given in TM 5-852-6/ AFM 88- 19, Chapter 6[ 14].
Appr oxi mat e val ues of thaw penetration may also be estimated fromfigure 4-4a for soils of
the density and noisture content ranges there represented. |f average annual depth of thaw
exceeds average annual freeze depth, degradation of the pernafrost will result.
c. Estimation and control of thaw or freeze beneath structures on permafrost.

(1) Ceneral
(a) Heat flow fromthe structure is a major consideration in the design of a fu
effects will result can heat flow fromthe structure to the underlying ground be ignored as

a factor in the long termstructural stability.

(b) Figure 4-9 presents an idealized diagramof the effect of size on both tota
depth of thaw and rate of thaw under a heated structure placed directly on frozen materi al
Thawi ng of uniformy distributed ground ice under a uniformy heated structure proceeds
nmost rapidly near the center of the structure and nore slowy at the perinmeters, tending to
produce a bul b-shaped thaw front and di shshaped settlenment surface. Interior footings in
such a structure tend to settle progressively in the same dish-shape, at about the sane
rate as the nmelting of the ice. However, a rigid foundation slab tends to devel op a space
under it, at least for a tinme, after which abrupt collapse may occur. The |larger the
structure the larger the potential ultimte depth of thaw, however, in initial stages of
thaw, the rate of thaw advance under the center of the structure is not a fi
necessary to conpletely preclude differential seasonal novenents even though it may be
relatively easy to do this; nobst construction canmp buil dings, for exanple, can be
mai nt ai ned easily and the novenments brought about by frost action and thaw can be equalized
by the use of jacks and shi ns.

(c) For large structures intended for long termuse, naintenance requirenments mnust
be kept at a much | ower |evel, consequences of progressive thawing nay be nore severe, and
achi evenment of adequate ground cooling and thaw depth control with a foundation ventilation
systemis nmore difficult.

(2) Building floor placed-on ground. When the floor of a heated building is placed
directly on the ground over permafrost, the depth of thaw is determ ned by the same net hod
as that used to solve a nultilayer problemwhen the surface is exposed to atnospheric
effects, as explained in TM 5-852- 6/ AFM 88-19, Chapter 6[ 14], except that the thaw ng index
is replaced by the product of the tine and the differential between the
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[retrieve Figure 4-7. Depth of thaw vs air thaw ng index for unpaved surfaces]
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[retrieve Figure 4-8. Thaw depth as affected by runway construction on permafrost]
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[retrieve Figure 4-9. Effect of heated structure size on depth and rate of thaw

buil ding floor tenmperature and 32 deg. F.
(a) Exanple: Estimate the depth of thaw after a period of one year for a building
floor consisting of 8 inches of concrete, 4 inches of cellular glass insulation, and 6
i nches of concrete, placed directly on a 5-feet-thick sand pad overlying permanently frozen
silt for the follow ng conditions:
Mean annual tenperature (MAT), 20 deg. F.
Bui l di ng floor tenperature, 65 deg. F.
Sand pad: Dry unit weight [ganmg] +d+= 72 | b/ft+3+, w = 45 percent. Concrete:
Coefficient of thermal conductivity, K= 1.0 Btu/ft hr deg. F; Volunetric heat
capacity, C = 30 Btu/ft+3+ deg. F.
I nsul ation: K = 0.033 Btu/ft hr deg. F, C= 1.5 Btu/ft+3+ deg. F
The resistances of the three floor layers are in series, and the fl oor
resistance R+f+ is the sumof the three layer resistances (d = thickness of |ayer in
feet).

k (12) (1.0) (12) (0.033) (12) (1.0)
= 11.2 ft+2+ hr deg. F/Btu
The average volunetric heat capacity of the floor systemis

(30) (8) + (1.5) (4) + (30) (6)

= 23.7 Btu/ft+3+ deg. F

The solution to this problem (table 4-2) predicts a total thaw depth of 7.8 feet. This
solution did not consider edge effects; i.e., a long narrow building will have | ess depth
of thaw than a square building with the sane floor area because of the difference in
| ateral heat flow.

(b) Figures 4-3, 4-10, 4-11 and 4-12a show neasured rates of thaw beneath
bui | di ngs pl aced direct-
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[retrieve Table 4-2. Thaw Penetrati on Beneath a Sl ab-on-Grade Buil ding Constructed on
Per maf r ost ]
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[retrieve Figure 4-10. Degradation of permafrost under five-story reinforced concrete
structure]
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[retrieve Figure 4-11. Permafrost degradation under 16-feet-square heated test buil dings
wi t hout air space, beginning at end of construction]
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[retrieve Figures 4-12a and 4-12b. Typical foundation thaw near Fairbanks, Al aska and
Typi cal foundation thaw near Fairbanks,
Al aska (Permafrost Degradation Under heated
building (32 x 32 ft) supported by piles
over airspace.)]
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Iy on the ground, over permafrost. Figures 4-3 and 4-10 show data for |arge reinforced
concrete structures, 3 stories and 5 stories, respectively, erected on clean, granul ar
frozen soils which did not contain ice in such formas to cause significant settlenent on
thawi ng. Figure 4-11 shows the effects of various conbinations of insulation and granul ar
mat on thawi ng beneath smal | experinmental buil dings supported over frozen silt containing
much ice. Insulation held back degradation initially but had little effect later. Figure
4-12 conpares the continuing degradati on under a small building w thout foundation
ventilation with the thermal stability achieved by supporting a structure on piles with an
ai rspace

(3) Ventilated foundations. The nost w dely enployed, effective and economni cal neans
of maintaining a stable thernmal reginme in permafrost under a heated structure is by use of
a ventilated foundation. In such a foundation, provision is nade for either open or ducted
circulation of cold winter air between the insulated floor and the underlying ground. The
air circulation serves to carry away heat both fromthe foundation and fromthe overlying
bui I di ng, freezing back the upper |ayers of soil which were thawed in the precedi ng sunmer.

(a) Cold air passing through a sinple air space beneath a building or through a
ducted foundation ventilation systemis gradually warnmed, reaching the outlet side with a
reduced air freezing index. Thus, freezeback in a ventilated foundation tends to progress
fromthe intake toward the outlet side, as indicated by the asynmetrical curve of thaw
penetration depth in figure 4-28. |In sunmrer also, thaw tends to occur progressively across
the foundation in the direction of air flow. The freezing index at the outlet nust be
sufficient to counteract the thawing index at that point in order to insure annua
freezeback of foundation soils. |In borderline discontinuous pernmafrost areas, this
freezeback is nmore difficult to achieve than in colder climtes and in these areas it may
set a positive limt on the feasible width of buildings for a given type of ventil ated
foundati on design. Even under calmconditions, air circulation will be induced by heating
of the air below a building fromboth the ground and the building. Stacks or chi meys may
be used where appropriate to induce increased circulation and they may be found to be a
positive requirenent. The stack or chimey height and the fl oor insulation are both very
i mportant variables in the foundation design. |Increasing insulation thickness will permt
| owering the stack or chimey height for the sane insulation; increase in stack height will
increase the air flow Potential permafrost degradation problems fromflow of ground water
in the annual zone must be carefully investigated[200].

(b) The sinplest neans of inplenenting foundation ventilation is by

provi ding an open air space under the entire building, with the structure supported on
piling in permafrost, columms supported on footings in pernafrost, or posts and pads over a
gravel layer, as illustrated by figures 4-13 through 4-23. For structures whose narrow
width is not nore than 20 feet, the air space should technically not be I ess than 18 inches
and where the narrow building width is between 20 to 50 feet not |ess than 30 inches.
However, since access to the air space may be required for foundation adjustments such as
jacking or shinmng, for inspection or repair of utilities, or for other reasons, the
actual depth of the space should be enough so that it nay serve as a crawl space, nonminally
30 to 36 inches mininum regardl ess of size of structure. Beans, sills and other
supporting menbers may occupy part of this space provided all parts of the foundation are
accessible for maintenance free paths of air circulation across the width of the foundation
are mai ntai ned, and paths for direct conduction of heat fromthe building into the
foundation are kept minimal. |In areas subject to snowdrifting, too little clearance,
excessive nunmbers of piles or excessive depth of fram ng menmbers will reduce air velocities
and permt drifting and snow accunul ati on under buildings. For very w de structures or
where access to the air space is restricted, induced air circulation by the use of plenuns
and/ or stacks or chimeys, or, less likely, by use of fans, may be required.

(c) Wien large buildings with heavy floor |oads, such as hangars, garages and
war ehouses, make provision of an open air space difficult, use of ventilation ducts bel ow
the insulated floor should be considered. Exanples of such designs are shown in figures 4-
24 through 4-28. Thermal calculation procedures for ducted foundations are outlined in TM
5-852- 6/ AFM 88-19, Chapter 6[14]. Ducted
foundations are nornally nmuch nore expensive than open air-space foundations, because of
the relatively large volunme of concrete and nunbers of construction steps involved and
because of the cost of pans, pipes, plywod or other special duct forming itens left in
pl ace when these materials are used. The design shown in figure 4-24, which nakes
extensive use of sinple prefabricated nenbers, denonstrates an effort to reduce the cost of
ducted foundations. Because of the susceptibility to damage of ducted type construction
fromvertical novenents, special care nust be taken that the underlying gravel mat is of
adequat e thickness so that freeze and thaw will remain within non-frost-susceptible
materials to elimnate seasonal heave and settlenent.

(d) Ventilated foundation design should incorporate a safety factor which provides
for conplete freezeback of the underlying soil 30 days before the end of the freezing
season, using the mnimumsite freezing index and allowi ng for any greater freezeback
requi renent which may exist at the perineter of the founda-
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[retrieve Figures 4-13 and 4-14. Typical design for light structure with air space and
gravel mat and Foundation in pernafrost area
for men’s barracks]
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[retrieve Figure 4-15. Post and pad type foundation for conposite building]
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[retrieve Figure 4-16. Footing on permafrost foundation]
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[retrieve Figure 4-17. Footings on permafrost]
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[retrieve Figure 4-18. Typical ventilated foundation design for structure supported on
pi | es]
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[retrieve Figure 4-19. Wod pile foundation for small residences, Fairbanks, Al aska]
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[retrieve Figure 4-20. Typical pile foundation for light utility building, Fairbanks,
Al aska]
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[retrieve Figure 4-21. Steel pile foundation for utility building showi ng sunshade,
Bet hel , Al aska]
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[retrieve Figure 4-22. Foundation for nmen’s club, Thule, G eenland]
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[retrieve Figure 4-23. Two story steel frane building on footings and piers at Churchill,
Mani t oba, Canada]
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[retrieve Figure 4-24. Uility and naintenance buil di ng, Fairbanks, Al aska]
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[retrieve Figure 4-25. Ducted foundation for garage, Fairbanks, Al aska]
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[retrieve Figure 4-26. Pan duct foundation, Thule, G eenland]
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[retrieve Figure 4-27a. Typical Pan Duct Foundations, Showi ng Section at Pl enum chanber
and at Interior Columm for Warehouse, Sondrestrom AB,
Greenl and (Section at Pl enum Chanber)]
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[retrieve Figure 4-27b. Typical Pan Duct Foundation, Show ng Section at Pl enum Chanmber and
at Interior Colum for Warehouse, Sondrestrom AB,
Greenl and (Section at Interior colum)]
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[retrieve Figure 4-28a. Foundation Details and Maxi mum Thaw Penetration for Sel ected
Years, Hangar at Thule, G eenland (Deep air duct
foundati on detail s]
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[retrieve Figures 4-28b and 4-28c.

Foundation details and maxi mum thaw penetration for

sel ected years, hangar at Thule, G eenland
(Longi tudi nal section A-A parallel to 12-

i nches-di aneter corrugated netal cooling
ducts) and Foundation details and maxi mum
thaw penetration for selected years, hangar
at Thule, Geenland. (Transverse B-B

per pendi cul ar to 12-inches-di aneter
corrugated netal cooling ducts)]
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tion. Since only about 5 percent of the freezing index is usually accunulated in the [|ast
30 days of the freezing season, this is a very nodest factor of safety. At one subarctic
site, the conplete freezeback of the soil on the downw nd side of a building with ducted
foundati on was not conpleted until after the soil imediately under the foundation slab
conmenced its sumer thaw. A slight increase in the building' s interior operating
tenmperature could have serious consequences under such a situation, not only because of the
ri sk of permafrost degradation but al so because of the possible |owering of pile supporting
capacity if the structure is pile-supported

(e) Experience has shown that it is desirable that ventilated foundations be
sufficiently el evated, positioned and sloped relative to the surrounding terrain to avoid
accunul ation of surface water, to drain away in sunmer thaw water from any accunul ati ons of
ice and snow fromthe preceding winter and to prevent lateral nigration of water through
the annual thaw zone. Figure 4-25 illustrates an el evated ducted foundation. Such ducts
are also nore i mmune to blocking with soil accunul ati ons.

(f) Ducts depressed bel ow the ground surface as in figures 4-26, 4-27 and 4-28 are
likely to collect water fromthe ground or ice and soil from snow and dust infiltration
which restrict or block air flow through the ducts. If ground water rises to the duct
I evel, soil may al so be piped into the ducts. Blockage is often unnoticed until after
water in the ducts has frozen. Such obstructions are very difficult to renpve. Steam
thawi ng may be required to open them this is not only sonewhat conplicated but may al so
cause thermal damage unless carefully controlled. Condensation of ice crystals in the
ducts fromnoist air may al so block the ventilating ducts if they are kept in operation
when air tenperatures becone higher than the tenperatures of the duct walls in the spring.
Tobi asson[ 200] has pointed out that for bel owgrade duct systens, manifolds and perhaps the
ducts thensel ves shoul d be | arge enough to pernmit entry of naintenance personnel for
i nspection and renoval of bl ockage, and provisions should be incorporated to mininize the
anount of snow infiltration and to renove any material which does enter. Experience
i ndi cates that when plenum and/ or stacks or chimeys, as illustrated in figures 4-24, 4-26,
4-27 and 4-28, are needed to increase air flow by the stack effect or to raise intakes and
outlets sufficiently to be above maxi mnum snow accunul ati on | evels, a chimey space
i ncorporated so as to take advantage of the building heat, as in figure 4-24, is preferable
to i ndependent exterior exhaust stacks in which cooling of the rising air tends to dimnish
the draft.[200] Insulation of the stacks can reduce this difference. Systens should be
free of air |eaks to insure maxi numcircul ation effectiveness.

(g) Blower systens may be used when conditions require increased volune of air
circulation in ducts, but at the expense of increased nechani cal conplexity, increased
operating costs, and necessity for alertness to make sure the systemis turned on and off
and the air flow controls set correctly at proper times (see further discussion of this
point later in this chapter).

(h) Part or all of the air space of a ventilated foundati on has sonetinmes been
used for unheated storage purposes, particularly when extra height of air space has
resulted fromvariations of the natural topography. However, air circulation at the ground
and foundation freezeback are easily inpaired by such storage, and extra accunul ati on of
snow may be induced

(i) In ducted foundations of the general types shown in figures 4-25 and 4-27, the
vertical concrete sections between individual ducts should be kept relatively thin in order
to minimze conduction of heat through these nenbers directly to the foundation. |In pile
foundati ons, conduction of heat into the ground by the piles should be m ninized by
techni ques described in f bel ow

(j) Experience has shown that where blowing or drifting snow occurs in winter it
is very inportant to align and |locate the structure so as to minimze snow drifting which
may in any way affect the structure. Unless ventilation openings of foundations are placed
and oriented so that they will not becone bl ocked by snow, the snow drifting may restrict
or prevent necessary seasonal freezeback of the foundation. Size and shape of structures
and position with respect to prevailing wind and to other structures, to fences and
vegetation affecting wind flow, and to adjacent snow renoval operations are very inportant
in determning snow drift patterns. Everything else being equal, nmaxi num
drifting tends to occur on windward and | ee sides of obstructions. However, even if access
of winter air to the foundation is conpletely shut off by snow on the wi ndward and | ee
sides, ventilating action of an open air space type foundation may still be satisfactory if
the other two sides remain open and so long as drifting of snow into open space under the
building itself remains insufficient to significantly insulate the foundation nmaterials
agai nst freezeback. Open air space type foundations subject to drifting therefore should
be designed and oriented to depend on air flow through the foundation at right angles to
the wind direction; the shortest dinension of the foundation should then be at right angles
to the prevailing wind. Provisions should al so be nade agai nst ot her possi bl e probl enms
such as bl ocking of ground |level ventilation intakes or outlets by accumul ati on of snow
next to the foundati on fromroof discharge or from snow plowi ng operations. |f snow
bl ockage probl enms cannot be practically avoided through adjustnent of orientation and
| ocation, use of
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flatter roof pitch or greater overhang, or other neans, it may be necessary to enpl oy

pl enum chanmbers and stacks or chimmeys as shown in figures 4-26, 4-27 and 4-28. |If other
consi derations should make it essential to rely on ventilation flow parallel with the
predomi nant wind direction and it is not feasible to elevate the intake and exhaust
sufficiently, fences or shrubbery may be installed upwind of the structure to induce
drifting at that position and thus to minimze drifting close to the building itself.
Somet i nes snow ri dges pushed by snow pl owi ng operations may be counted on to induce
drifting in desired |ocations. Extrenme distance of drifting behind a snow fence is about 25
times the height of fence. Principles of snowdrift control have been outlined by

Mel lor[77]. The use of conpletely closed skirting around foundati ons constructed w th open
air spaces nust be avoided. Open picket-type skirting around foundati ons has been
successfully used to pernmit ventilation, while preventing significant snowdrifting under
the building, keeping children and aninals out of the air space, and beneficially nodifying
the overall architectural appearance of the building. |If used, such skirting should be

el evated sufficiently above the ground to avoid damage due to frost heaving. Wre nesh nay
al so be enpl oyed over openings to foundation air spaces but the nesh openings should not be
smal | er than about 2 inches.

(k) For maximum effectiveness a foundation cooling systemutilizing

natural |ow wi nter tenperatures should be shut off in the spring when air tenperatures
reach such a level that circulation of the anbient air through the systemwould add to the
sunmer heat input into the foundation. Turning off the systemin the spring and turning it
on again in the fall is necessary for systens using forced circulation, or stack or chi mey
systems. However, experience shows that when such a systemis dependent upon nanua

openi ng or closing of ports or danpers, or turning electrical switches on or off, and these
operations are required only twice a year, the necessary actions may be forgotten or nmay be
carried out incorrectly. Experience also shows that system operating manuals are easily

m spl aced. Therefore, whenever possible, designs should be selected which are automatic in
operation and do not require specific manual actions. Fail-safe differential thernostat
control systens can reduce these problens, but still require dependabl e power supply,
checking for proper operation of controls, and resetting of circuit breakers. Reliability
becones less in relatively conplex systens which involve nunmerous danpers, blowers or other
el enents. Therefore, sinple ventilated foundations or through-duct systens of the type
illustrated in figure 4-25 which are entirely free of control nechanisns requiring setting
are far preferable. Were required, operating directions for danpers, switches, etc.
shoul d be stenciled directly adjacent to the particular control element to ensure that the
necessary gui dance i s avail abl e when needed. |f danpers are installed they should be placed
on the upwi nd side[200]. Elimnating dowmwi nd danpers allows convection currents to renove
warmair fromducts even with the upwi nd danper closed. Buildings with ventilated
foundati ons have greater potential rates of heat loss in winter than structures resting
directly on the ground because they are exposed to the cold air on all their surfaces.
Special care is therefore required in insulation and heating. This is further discussed in
d bel ow.

(1) If snowdrifting is not a problemor if the intake and exhaust can be el evated
so that snow drifting will not interfere with air flow, structure orientation should be
such that maxi mum velocity and effectiveness of air circulation will be obtained, conbining
both thermal and wind-induced effects. If wind is of significant strength and consistency
in direction during the freezing season it is then desirable to orient air intakes into the
wi nd and to configure the exhaust end of the systemto maxi m ze w nd-induced suction
whet her wi ndi nduced draft is taken into account in design conputations or not. In many
areas, however, this may not be practical because winter winds are too |light or too
variable in direction and velocity; in such cases possible benefits from w nd-i nduced
drafts shoul d be ignored in devel oping the system design. Were w nd-blown precipitation
cones fromvariable directions, rotating wind-oriented ventilator units nmay be enpl oyed at
tops of exhaust stacks to minimze snow ingestion and maximze draft. Exhausts shoul d
term nate at positions on the |ee side of the building.

(m Therrmal analysis of sinple ventilated foundation. The depth of thaw
under an open air space type ventilated foundation nay be approximated fromfigure 4-4a for
certai n honbgeneous soil and noisture content conditions. For situations not covered by
figure 4-4a, the depth of thaw should be cal cul ated by neans of the nodified Berggren
equation for either a honpgeneous or nultilayered system as applicable, using procedures
outlined in TM 5-852- 6/ AFM 88-19, Chapter 6[14]. An n-factor of 1.0 is applicable for
determ ning the surface thaw ng i ndex of the shaded area under the buil ding, under either
approach

(n) Thermal analysis of ducted foundation. No sinple mathematical expression
exists to analyze the heat flowin the case of a ventilated floor system consisting of a
duct or pipe systeminstalled within or at sone depth beneath the floor, with air
circulation induced by stack effect. The depth to which freezing tenperatures will
penetrate is conputed by neans of the nodified Berggren equati on except that the air-
freezing index at the outlet governs. The index is influenced by a nunber of design
variables, i.e., average daily air
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tenmperatures, inside building tenperatures, floor and duct or pipe system design
temperature and velocity of air in the system and stack height. Cold air passing through
the ducts acquires heat fromthe duct walls and experiences a tenmperature rise
longitudinally along the duct with a reduction in air-freezing index at the outlet. Field
observations indicated the inlet air-freezing index to closely approxinmate the site air-
freezing index. The freezing index at the outlet should be sufficient to counteract the
thawi ng i ndex and insure freeze back of foundation soils.

Exanpl e: Determine the required thickness of a gravel pad beneath the floor section
shown in figure 4-29 to contain all thaw penetration and the required stack height to
i nsure freezeback of the pad on the outlet side of the ducts for the follow ng conditions:

Duct length *I,, 220 feet
Gravel pad: [gamma] +d+ = 125 | b/ft+3+, w = 2.5 percent
Qutl et mean annual tenperature, 32 deg. F. (This is a conservative
assunption.)
M nimum site freezing index, 4,000 degree-days.
Freezi ng season, 215 days.
Thawi ng season, 150 days (period during which ducts are closed).

[retrieve Figure 4-29. Schematic of ducted foundation]
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Bui | di ng tenperature, 60 deg. F.
Thermal conductivity of concrete, K+c+ = 1.0 Btu/ft hr deg. F. Thernal conductivity
of insulation, K+i+, = 0.033 Btu/ft hr deg. F.

O her data required for solution are obtainable from TM 5-852-6/ AFM 88-19, Chapter
or are introduced later. The thickness of gravel pad required is determned by the

6[ 14]
foll owi ng equation (derived fromthe nodified Berggren equation):

[
o]
[retrieve Equati on]

Thus, the total anobunt of heat to be renpved fromthe gravel pad by cold-air
ventilation during the freezing season with ducts open is equal to the |atent and sensible
heat contained in the thawed pad. The heat content per square foot of pad is determ ned as
fol | ows:

Latent heat = (X) (L) = (11.0) (450) = 4,950 Btu/ft+2+
Sensi bl e heat (10% of |atent heat, based upon experience)

= 495 Btu/ft+2+

Total heat content
= 5,445 Btu/ft+2+

The ducts will be open during the freezing season (215 days), and the
average rate of heat flow fromthe gravel during this season is equal to 5,445/(215 x 24) =
1.0 Btu/ft+2+ hr. The average thawing index at the surface of the pad is

LX+2+ (450) (11.0) +2+
---------------- S s meeeioii----------------- = 1,420 degree days
48[ | ambda] +2+K (48) (0.97) +2+ (0.85)
This thawi ng i ndex nmust be conpensated by an equal freezing index at the
duct outlet on the surface of the pad to assure freezeback. The average pad surface
tenmperature at the outlet equals the ratio

Requi red freezing index 1,420

Length of freezing season 215
= 6.6 deg. F below 32 deg. F or 25.4 deg. F
The inlet air during the freezing season has an average tenperature of

Air-freezing index 4, 000

Length of freezing season 215

18.6 deg. F below 32 deg. F or 13.4 deg. F.

Therefore, the average permi ssible tenperature rise T+R+ along the duct is (25.4 -
13.4) = 12.0 deg. F

The heat flowing fromthe floor surface to the duct air during the winter is equa
to the tenperature difference between the floor and duct air divided by the therma
resi stance between them The thermal resistance Ris calculated as foll ows:

X+c+ X+i + 1 14 4 1
R = ---- 4+ ---- + e-a-a | e e e e e eaaa- +  ---
K+c+ K+i + h+rc+ (12) (1.0 (12) (0.033) 1.0

12.3 hr ft+2+ deg. F/Btu

wher e
X+c+ = thickness of concrete, feet. X+i+ = thickness of insulation, feet.
h+rc+ = surface transfer coefficient between duct wall and duct air.



(For practical design purposes h+rc+ = 1.0 Btu/ft+2+ hr deg. F, and represents the
conbi ned effect of convection and radiation. At nmuch higher air velocities, this value
will be slightly larger; however, using a value of 1.0 will lead to conservative designs.)

The average heat fl ow between the floor and inlet duct air is [(6013.4)/12.3] = 3.8
Btu/ft+2+ hr, and between the floor and outlet duct air is [(60 -25.4)/12.3] = 2.8
Btu/ft+2+ hr. Thus, the average rate of heat flow fromthe floor to the duct air is [(3.8
+ 2.8)/2] = 3.3 Btu/ft+2+ hr. As previously calcul ated the average heat flow from

4-42
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the gravel pad to the duct air is 1.0 Btu/ft+2+ hr. The total heat flow [phi] to the duct
air fromthe floor and gravel pad is (3.3 + 1.0) = 4.3 Btu/ft+2+ hr. The heat flow to the
duct air nust equal the heat renoved by the duct air.

Heat added = heat renoved

[phi]*I m = 60V A+d+ [rho] C+p+ T+R+

Thus, the average duct air velocity required to extract this quantity (4.3 Btu/ft+2+
hr) of heat is determned by the equation as shown bel ow.
[phi]*Im
V —

60A+d+[ rho] C+p+ T+R+

[phi] = total heat flow to duct air, 4.3. Btu/ft+2+ hr
*| = length of duct, 220 ft
m = duct spacing, 2.66 ft
A+d+ = cross sectional area of duct, 1.58 ft+2+ [rho] = density of air. 0.083
I b/ ft+3+ (fig 4-30)
Ctp+ = specific heat of air at constant pressure, 0.24 Btu/lb deg. F T+R+ = tenperature
rise in duct air, 12 deg. F
Substitution of appropriate values gives a required air velocity.
(4.3) (220) (2.66)
L = 111 ft/min.
(60) (1.58) (0.083) (0. 24) (12.0)

[retrieve Figure 4-30. Properties of dry air at atnospheric pressure]
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The required airflow is obtained by a stack or chimey effect which is related to
the stack height. The stack height is determined by the equation

h+d+ = h+v+ + h+f+
wher e
[rho][epsil on] H T+c+ - T+o+)
h+d+ = ----ce i in. of water natural draft head
5.2(T+c+ + 460) (ASHRAE Gui de[ 117])

[rho] = density of air at average duct tenmperature, |b/ft+3+
[epsilon] = efficiency of stack system percent (this factor provides for friction | osses
wi thin the chi mey; ASHRAE Gui de[ 117])
H = stack hei ght, feet
T+o+ = tenperature of air surrounding stack, deg. F
T+c+ = tenperature of air in stack, deg. F

\%
h+v+ = (------ )+2+ in. of water (velocity head)
4,000
V = velocity of duct air, ft/mn.
*| +e+
h+f+ = f" (------ ) h+v+ in. of water (friction head) Dte+
f' = friction factor, dinensionless
*| +e+ = equi val ent duct |ength, feet.
D+e+ = equival ent duct dianeter, feet.

The technique used to calculate the friction head is as follows

4 (cross sectional area of duct, ft +2+ 4 (1.58)
Dte+ D e e e e e e e e e e e e e e e e e e e e mm— e
peri meter of duct, ft 2 18 + 20
R + 12
12 2

= 1.22 ft (ASHRAE Guide[117]).

The equi val ent | ength of the duct is equal to the actual length *I plus and
al | owance *| +b+ for bends and entry and exit. Each right-angle bend has the effect of
addi ng approxi mately 65 dianeters to the length of the duct, and entry and exit effect
about 10 di aneters (ASHRAE Cuide[117]). The total allowance *| +b+ for these side effects
is [2(65 + 10)] = 150 dianeters which is added to the length of the straight duct. The
estimated |l ength of straight duct *|+s+ is:

5 feet (assumed inlet open |ength)
220 feet (length of duct beneath floor)

15
----feet (assunmed stack hei ght)
240
*+e+ = *l+4s+ + *| +b+
*| +e+ = 240 + (150 x 1.22) = 423 feet.

The friction factor f' is a function of Reynolds nunber N+R+ and the ratio e/ Dte+.

A reasonabl e absol ute roughness factor e of the concrete duct surface is
0.001 ft, based on field observations. Suggested values of e for other types of surfaces
are given in the ASHRAE Cuide[117]. The effect of minor variations in e on the friction
factor is small as noted by exam ning the equation bel ow used to calculate the friction
factor f’
Reynol ds nunber is obtained fromthe equation
a’ + 0.25 Dte+

[ upsi | on]

(111 x 60) (1.0 + 0.25 x 1.22)
NFRE = - = 17,700
0. 49
V = average dict velocity, ft/hr



a’ = shortest dinension, feet
[upsilon] = kinematic viscosity, ft+2+/ hr at 19. deg. F. (fig. 4-30).

The friction factor f’ is obtained by solving the equation

+-- 4 -+ 1/3 --+

oo e 10+6+ | |
f =0.0055} 1 + | 20,000 X ----- + - ! | (ASHRAE Guide[117] |

| D+e+ N+R+ | |

R -+ -+

+- - -+ 1/3 -+

P 0.001 10+6+ | !
=0.0055}1 + 20,000 x ------- + --meeee- ' 1 =0.0285

oo 1.22 17,700 | '

N -+ -+

Therefore the friction head
*|+e+
h+f+ = f' X ----- X h+v+
D+e+
423

=0.0285 x ----- X h+v+
1.22

= 9.8 h+v+

The draft head required to provide the desired velocity head and overcome the
friction head is furnished by the chimney or stack effect.
The draft head h+d+ is obtained as follows:

h+d+ = h+v+ + h+f+ = h+v+ + 9.8 h+v+

= 10.8 h+v+
Vv

= 10.8 (----)+2+
4,000
111

= 10.8 (----)+2+
4,000

= 8.31 x 10+ -3+ in. of water
4-44
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The stack height required to produce this draft head is
5. 2h+d+(T+e+ + 460)
[rho][epsilon] (T+c+ - T+o+
(5.2) (8.31 x 10+ -3+) (25.4 + 460)

(0.083) (0.80) (25.4 - 13.4)

=26 ft.
wher e
[rho] = 0.083 | b/ft+3+
T+c+ = 25.4 deg. F
T+o+ = 13.4 deg. F

[epsilon] = 80 percent (found to be reasonabl e design val ue based on observati ons over
an entire season
h+d+ = 8.31 x 10+ -3+ in. of water

If the stack height is too high for the structure, a greater thickness of
foundation insulation could be used. 1In this exanple the effect of increasing the
i nsul ati on thickness by one-half would result in |owering the stack height by five-
ei ght hs.

The first approxi mated stack height is next incorporated in the cal cul ation of
the length of straight duct *|+s+, and the newly obtained *| +e+ is used to recal cul ate
the friction head h+f+. By iteration, the final calculated stack height is found to be
26.5 feet.

The stack height is an inportant variable as an increase in stack height

will increase the duct airflow Circulation of air through the ducts results froma
density difference between the air inside the duct and that outside the building; a
pressure reduction at the outlet end due to the stack effect; a positive pressure heat
at the inlet end when wind blows directly into the intake stack opening; and a negative
pressure head at the outlet when wi nd passes over the exhaust stack opening. |If
reliance is placed upon w nd-induced draft for part of the required winter cooling,

nm ni mum wi nd conditi ons should be assunmed in order to assure freezeback even in the

| east favorable winter. Vents should be cow ed to take advantage of any avail able

vel ocity head provided by the wind and as previously noted should be positioned to
mnimze snowinfiltration. |f sufficient air cannot be drawn through the ducts by
natural draft, consideration may be given to such alternatives as placing the exhaust
stacks at the center of the building with intakes both sides, in order to reduce the
ef fective duct |length, or using a nechanical blower systemto increase air circulation
(however, see discussion of disadvantages of latter systens in (k) above. |In order to
mnimze air flow resistances and to avoid differences in heat renoval effectiveness
between different parts of the foundation duct system the nunber of ducts connected
toget her through plenunms into a single pair of intake and outlet stacks shoul d not
exceed three to five. Thus, an average foundation of this type nmay have nunerous intake
and outlet stacks. A chamber extending the length of the structure and open to the

at nosphere along its length as shown in figure 4-24 may provide an acceptable
alternative. Plenumchanbers should be designed so as to pernit ready access to the
ends of the ducts for cleanout or other maintenance

d. Foundation insulation. Foundation insulation nay be used to control heat

flow for the foll ow ng objectives.

To control frost penetration and heave.

To reduce rates of thaw of permafrost and settlenent.

For heating econony.

For confort

To control condensation

(1) The general properties of insulating materials which are pertinent to
construction under cold climatic conditions have been reviewed i n paragraph 2-6d.
I nsul ation used in foundations must satisfy the follow ng performance criteria: Provide
requi red thermal insulating properties.
Provi de adequate bearing capacity for static and dynam c | oads which nmay be
i mposed.
Resi st | oss of thermal insulating properties and bearing capacity with tinme under
the effects of noisture, ice and cyclic freeze thaw
(2) Insulation can reduce quantity of heat flow but cannot prevent it entirely.
I nsul ati on should not be depended upon by itself to prevent thaw of pernmafrost under a



continuously heated building or to prevent frost penetration under a continuously
refrigerated warehouse or other structure

(3) Whiere confort is involved, as in quarters buildings, the insulation

t hi ckness should not be less than that required to maintain floor surface tenperature at
satisfactory confort |evels under design mnimumw nter tenperature conditions. Floor
tenmperature nust al so be nmintai ned above the dew point of the interior air under these
condi tions; noist floors are not only unpleasant for personnel but may present hazards
of slipperiness or sanitation. Mich of the problemof cold floor disconfort in cold
regions originates fromcold air drainage frominadequately insulated ceilings, exterior
wal I's, wi ndows and doors. However, disconfort rmay be experienced even where these
factors are absent, such as in interior roons,
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because the floor nust necessarily be colder than the air above it whenever there is
downward flow of heat through the floor, out of the building; otherw se heat flow woul d
not occur. It is therefore nost inportant for ventilated foundations of all types that
adequat e floor insulation be enployed, together with a heating systemthat delivers
enough heat near the floor to counteract so far as possible the effect of the heat
transm ssion through the floor, as well as the effects of downdrafts from cold exterior
surfaces. Systenms which heat the floor itself can elinm nate disconfort from heat |oss
through the floor but thus far have not been wi dely used because of cost.

(4) Sone typical insulation designs which have been used in actual structures in
Al aska and Greenland are shown in figures 4-15, 4-19 through 4-22 and 4-24 through 4-28.
In general, the insulation amunts shown in these figures have provided only nargi na
confort under winter conditions.

(5) Wen insulating nmaterials are used in foundations, conditions may be
extrenely adverse for satisfactory performance of these materials. |In insulation is
installed bel ow ground | evel under wet conditions, its value nmay be reduced or |lost as a
result of absorption of nmoisture (para 2-6d). |If exposed to cyclic freeze-thaw,
progressive physical breakdown of the insulating material nmay occur, again with increase
of moisture content and with | oss of thermal insulating and strength properties. In
addition to use for controlling flow of heat from buildings into the foundations,
insul ating material may be used bel ow ground | evel for a nunber of miscellaneous
pur poses such as to reduce the thickness of fill required to prevent freezing and
thawi ng tenperatures from penetrating into underlying frost-susceptible soil, to
thermally protect buried pipelines or utilidors, or to control freeze and thaw
penetration under and around bridge piers, grade beans, culverts or paved surfaces. In
any such applications where detrinmental noisture, ice, or freeze-thaw effects may be
encountered, great care nmust be exercised in specifying type, placenment and protection
of insulation

(6) Only closed-cell types of insulation should be used underground.

Cel lul ar glass may be used under high ground noisture conditions if it will be either
continuously frozen or continuously thawed. Under these conditions no separate noisture
barrier or protective nenbrane for the cellular glass is required. Cellular glass
shoul d not be used where it would be subject to cyclic freeze-thaw i n presence of

noi sture. Where cyclic freeze-thaw in presence of noist (but not imrersed) conditions
is anticipated, it is reconmended that only foam plastic closed-cell types of

i nsul ati on, protected against absorption of npisture by a self-menbrane or by seal ed
heavy pol yet hyl ene sheeting or equal, should be used. In soils of permanently very |ow
noi sture content, not subject to cyclic freeze-thaw, and protected agai nst noisture
infiltration and condensati on or seepage by an overlying slab and/or other neans, any

cl osed-cell type insulation which has high integral resistance to npisture absorption
may be used. Unless continuously frozen, installation of any type insulation where it
will be below the water table should be avoided. Instead, alternatives should be
sought, such as construction of the facility on a well-drained granul ar enmbanknment where
the insulation can be protected against noisture by the shelter of the structure itself
and/ or by enbednent in high quality inpervious concrete when appropriate.

(7) Wen insulation is used in a facility such as a hangar floor, where live
| oads occur, it nust be placed at sufficient depth so that concentrated live |oad
stresses will be reduced sufficiently to be within the allowabl e bearing values for the
particul ar insulation used. At the same tinme the maxi mum all owabl e depth of insulation
pl acenent established by the live load stress in conbination with the increase of
overburden pressure with depth nust not be exceeded.

(8) Insulation of ventilated and ducted foundati ons.

(a) For structures with open airspaces such as shown in figures 4-13 through 4-
23 and ducted foundations such as shown in figures 4-24 through 4-28 insul ation should
be installed above the airspace or ducting system This will not only mnimze the
amount of heat which nust be renpved by the foundation ventilation systembut wll
provi de excellent protection for the insulating material against noisture and freeze-
thaw effects. Heat |osses nay be conputed by the procedures of the ASHRAE Gui de[117].
(b) For ducted foundations, trial conputations for various alternative
duct, system and insul ation design conbinations will yield data on insulation
requi renents for foundation thermal stability. Conputations of thicknesses required to
mai ntain confortable floor tenperatures and to prevent condensation will provide
addi tional input. Fromthese data, a decision on insulation thickness can be nade.

(c) For open airspace type ventilated foundations, confort and heating econony
wi Il usually determ ne insulation thickness requirenents.

(9) Insulation of slab on grade and basenent ed foundati ons.

(a) These types of construction are suitable for use in seasonal frost areas
and thaw stabl e permafrost without detrinmental ground ice. Because of the
susceptibility of insulating materials to noisture, ice and freeze-thaw effects,
sufficient elevation above the natural terrain should be provided in such foundations,
together with drai nage, so that exposure of insulation to these adverse effects will be
mnimzed. It should be noted that even where permafrost foundation naterials
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are thaw stabl e cl ean sands and gravels, the construction of a basement which will be
kept at above freezing tenperatures will tend to produce a sunp in the frozen materials
in which thaw water will tend to collect, causing a basenment drainage problem

(b) Two types of concrete floors are used in basenentl ess houses: unheated
floors relying for warnmth on heat delivered above floor |evel, and heated floors
cont ai ni ng heated pi pes, ducts, or other integral heating systemto constitute a radiant
sl ab (panel heating). Thermal analysis should be nmade in accordance with
recommendati ons contained in the latest edition of the ASHRAE CGui de[117].

(c) Edge insulation for non-radiant concrete floor slabs on grade nay serve the
functions of preventing excessive heat |osses at edges of floor slabs, maintaining
confortabl e floor tenperatures for building occupants, and preventing condensati on on
fl oor surfaces adjacent to exterior walls.

(d) As shown in figure 4-31, the maxi numrate of heat |oss from an uni nsul at ed
non-radi ant floor slab occurs at the edge, tending to result in an unconfortably cold
floor along the building perinmeter. Condensation on the floor may result if the
relative hunmidity is sufficiently high. Areas such as kitchens and nmess halls where
high relative hum dity can normally be expected are nore susceptible to condensation
than areas such as warehouses and |living quarters. Arelatively small amount of
i nsul ation properly placed can reduce these adverse effects significantly.

(e) Edge insulation for slab-on-grade construction may be installed either
horizontally as in figure 4-32 or vertically as in figure 4-33 with approxi mately equa
results. The flownets in figures 4-32 and 4-33 are theoretical, for assuned steady
state heat flow conditions, seldomif ever fully realized in the field. The flow net in
figure 4-33 is based on thernocoupl e nmeasurenents from an actual foundation, with sone
extrapol ation. Since footings of slab-on-grade type buildings in frost areas are
normal |y placed several feet deep in the ground in order to be bel ow t he seasonal frost
line, the insulation is easily installed on the foun-

[retrieve Figures 4-31 and 4-32. Flow net, concrete slab on grade, insul ated]



TM 5-852- 4/ AFJMAN 32- 1087

[retrieve Figure 4-33. Flow net, extrapolated fromfield neasurenments, with 1-1/2-
i nches cellular glass insulation, 36 inches long in
vertical position]

dation wall. |If placed horizontally under the slab, difficulty and expense are invol ved
in leveling the base course sufficiently to provide uniform support under the
i nsul ation, particularly when the material contains gravel and cobble sizes. Because
the conpressive characteristics of the insulation are normally different than for the
soil which underlies the slab in noninsul ated portions of the foundation, non-uniform
support tends to result, which is conducive to cracking of the slab, particularly if the
slab is heavily |loaded. This problemis avoided in the vertical type of insulation
Again the possibility of frost heave is reduced with the vertical insulation since flow
net analysis (fig. 4-32 and 4-33) shows that the horizontal insulation gives greater
opportunity for frost penetration under the floor slab. The vertical insulation can
al so be inserted as a single piece whereas the horizontal type requires a joint where
the insulation neets the vertical piece placed between the wall and the slab. [If both
hori zontal and vertical insulation should be used, the result would be a nore
conplicated and expensive installation wi thout corresponding gain in effectiveness.
Whil e placing vertical insulation on the exterior rather than the interior side of the
sl ab- on-grade foundati on wall woul d appear to offer sone advantages, such as reduction
of thermal stresses in the wall, it also presents the disadvantages for the insulation
of more severe conditions of noisture, freeze-thaw and possibly frost heave. Also, in a
design situation such as shown in figure 4-33, the insulation would have to be exposed
above the grade level in order to attain continuity with the building insulation and
this woul d be susceptible to damage. Therefore, placenment on the interior face is
recomrended

(f) Fromthe condensation standpoint there seens to be normally no
advantage in extending the insulation to the depth of naxi mum seasonal frost penetration
since extending the insulation below the depth of bal anced design[1l] has relatively
little effect upon the floor slab tenperatures[61]. However, if there is a possibility
of freezing of the soil under the slab adjacent to the inside face of the foundation
wal | as estimated by flow net analysis, insulation should be carried as necessary toward
the maxi mrum dept h of freezing unless the
soil and/or noisture conditions are such that no frost heave expansi on can occur. Even
slight heaving at the edge of the floor nmay result in cracking of the floor slab and may
break any utilities passing through the slab. Usually, such depthof-freezing insulation
need only be of nomi nal thickness below the upper 2 or 3 feet. Measurenments of actua
frost penetration and tenperatures under existing buildings in the area nmay be hel pfu
when in doubt.

(g) Freezing may penetrate within the foundation wall of the slab-on-grade
construction and cause difficulty if the building is not heated to normal tenperatures

or is not heated at all, if backfill of |ow insulating value, such as free draining
gravel or crushed stone, is used on the outside of the foundation wall, or if insulation
is insufficient for the conditions. For best resistance to frost penetration, the
exterior backfill should consist of a relatively fine-grained and noist soil. A

substantial snow cover on the ground adjacent to
[1] Bal anced design is considered to exist where resistance to heat flow at
the edge of the floor slab is the same whether the heat flows through the
i nsul ation or around the | ower edge of the insulation
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the building will minimze frost penetration but usually cannot be relied on for design

purposes. In sone winters snow cover at tinme of maxi mum freezing conditions may be very
small. Again snow will be absent if sidewal ks are placed adjacent to the outside of the

foundation wall and are kept shovel ed or plowed and possibly if a large roof overhang is
used. Sonetimes wind patterns near the building may bl ow the area adjacent to the
foundation wall essentially free of snow cover

(h) Insulation should be specified in depths corresponding to comrercially
avai | abl e di mensions. Avoidance of the necessity for field cutting is especially
advant ageous if factory-enclosed insul ation board is available, since a mninmm of on-
the-job nenbrane resealing is then required. A record of actual neasured floor
temperatures 6 in. fromthe inside wall of the structure shown in figure 4-33 is
presented in figure 4-34[41]. Because the external tenperature varied constantly during
the period of observation, true steady state conditions were not achieved. Figure 4-35
shows floor tenmperatures vs distance fromthe interior wall determ ned by actua
measur enent at the sane Loring AFB building, conpared with results predicted by flow net
anal ysis and el ectrical analog analysis and with adjusted conparative data from Nati ona
Bureau of Standards studies. The actual neasured val ues show nore rapid drop in floor
tenmperature as the exterior wall is approached than is predicted by the flow net and
el ectric analog analyses. This difference is believed to be the

[retrieve Figure 4-34. Floor tenperature 6 in. fromwall vs daily average air
temperature neasured at Loring AFB, Mi ne]
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[retrieve Figure 4-35. Conparison of predicted and neasured floor tenperatures for a
concrete slab on gravel with vertical insulation]

result partly of sinplifications in the assumed boundary conditions for the flow net and
el ectrical anal og anal yses, partly of such factors as |ocalized cooling by the downward
movenent to the floor of cold air on the inside face of the exterior wall of the field
test facility, and partly of the fact that the anal ytical approaches assune steady state
condi tions but these are probably never achieved in the field situation

(i) If it is assuned that the air tenperature in a nmess hall or kitchen is 70
deg. F and the relative humdity is 70 percent, the floor surface tenperature can not be
| ower than 60 deg. Fif the floor is to remain condensation-free. For quarters or
simlar areas, a relative hunmidity of 40 percent and air tenperature of 70 deg. F will
all ow floor surface tenperature to drop to 45 deg. F without condensation. Using these
criteria, the curves of required insulation thermal resistance versus design w nter
tenmperature in figures 4-36 and 4-37 were devel oped fromtheoretical studies of heat
flow by an electrical analog nethod, verified in part by field data. Both figures show
curves for no condensation over 6 in. fromthe edge of the wall. Recomended practice
for insulation of concrete slab-on-grade structures is presented in table 4-3.

(j) Basenents are desirable in areas of deep seasonal frost because heat |osses
tend to prevent or reduce frost grip on perineter walls and foundations; however, a
basenent or underground facility in pernmafrost nmay be a source of structurally dangerous
heat |o0ss. Heat |osses and wall and floor surface tenperatures in partial or ful
basenent or bel ow grade heated spaces nay be cal cul ated by procedures outlined in the
ASHRAE Cui de[ 117], extrapol ated as necessary to arctic and subarctic tenperature ranges,
and insul ation

4-50
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[retrieve Figure 4-36a. Thernal resistance vs design winter tenperature for various
vertical lengths of insulation for kitchens and ness
halls (fromelectrical anal og anal yses) (length 24
i nches)]
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[retrieve Figure 4-36b. Thernal resistance vs design winter tenperature for various
vertical lengths of insulation for kitchens and ness
halls (fromelectrical anal og anal yses) (length 36
i nches)]
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[retrieve Figure 4-36¢c. Thernal resistance vs design winter tenperature for various
vertical lengths of insulation for kitchens and ness
halls (fromelectrical anal og anal yses) (length 48
i nches)]
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[retrieve Figure 4-37a. Thernmal resistance vs design winter tenperatures for two
vertical lengths of insulation for barrack building
(fromelectrical anal og anal yses) (Length 12 inches)]
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[retrieve Figure 4-37a. Thernal resistance vs design winter tenperatures for two
vertical lengths of insulation for barrack building
(fromelectrical anal og anal yses) (Length 24 inches)]
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[retrieve Table 4-3. Recommended Perineter Insulation for Various Design Wnter
Tenper at ur es]
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requi rements, if any, may be conputed as necessary. It should be kept in mnd that if
heat escapi ng through the foundation walls of an uninsul ated basement is sufficient, it
may prevent soil freezing at the outer face of the wall but if insulation is then added
on these walls soil adfreeze may occur, with possible risk of frost heave in frost-
susceptible soils

(k) If a basenent is conpletely below grade and is not heated, the tenperature
in the basenent normally will range between that in the roons and that of the ground.
The exact tenperature which will naturally exist in an unheated basenent or in craw
spaces below floors is indetermni nate and depends on such things as the proportion of
basenent which is bel ow ground, the nunber and size of wi ndows or wall vents, the anopunt
of warm pi ping present, the extent of piping or floor insulation, and the heat given off
by a basenent heating plant. If the floor in the space above is at all cold, the using
service or resident will try to increase the floor tenperature where it is not difficult
to do so. It is necessary, therefore, for the design engineer to eval uate the probable
conditions carefully and to nake a realistic basenent or crawl space design tenperature
assunption in accordance with his best judgenent.

e. Ganular mats.

(1) |In areas of both deep seasonal frost and permafrost, a mat of non-frost-
suscepti bl e granular material placed at the start of the field construction effort on
the areas of planned construction serves to noderate and control seasonal freeze and
thaw effects in the foundation soils, to provide stable foundation support and to
provide a working platformon which construction equi pnent and personnel may nove and
operate with minimumdifficulty regardl ess of seasonal conditions. The nmat becones the
focus of part or all of the seasonal freeze and thaw action, reducing or elimninating
these effects in the underlying in-place materials. |Its thernmal function is nore nearly
that of a heat sink than of an insulator, danpening the effects of seasonal fluctuations
relative to the subgrade. The nmat reduces the magnitude of any seasonal frost heave in
underlying materials through its surcharge effect. It is usually convenient to place
the nmat at the start of the construction so as to serve both working platform and
structure foundation purposes.

(2) To insure a dry, stable working surface during upward flow of nmeltwater in
the thaw period, the mat materials nust be sufficiently pervious to bleed water away
laterally without its emerging on the surface (TM 5-820-2/ AFM 88-5, Chap. 2[8]). The
mat i s nobst commonly conposed of clean, well-graded bank run gravel of 2 and 3 inches
maxi mum si ze, offering good conpaction, trafficability and drainage characteristics.
Where such nmaterial is not available, alternatives such as crushed rock or clean sand

with a soil-cement surface will have to be considered. WMaterials should contain
sufficient sand sizes to retain some noisture; this will help to control thaw and freeze
penetration. |If a very coarse gravelly nat material is to be placed over a fine-grained

subgrade, a subbase of 6 in. mninmmthickness of clean, non-frost-susceptible sand
shoul d be placed directly on the subgrade in order to mninize the possibility of upward
intrusion of fines into the mat during thaw periods. Increased volunetric |atent heat
of fusion corresponding to the higher noisture-holding capacity of this sand will al so
hel p reduce freeze and thaw penetration into the subgrade.

(3) Wien the mat is needed only as a construction working platform and contro
of freeze and thaw penetration into the subgrade is not a factor, the mat is nmade only
thi ck enough to carry the | oadings which may be applied to it during actual facility
construction during critical periods of reduced subgrade strength. For this purpose,
t hi cknesses should be determined fromthe flexible pavenent design curves given in TM 5-
818-2[6] or TM 5-852-3[12]. However, under summer soft ground conditions as much as 3
ft of material may need to be placed by end dunping and spread in one layer sinply to

support the hauling equipnment initially. |If conpressible materials underlie, even nore
may be needed to neet design grades. Under other conditions, as where the natural soils
are free draining sands and gravels, little or no mat nmay be needed except to provide,

t hrough el evation, a well-drained surface during unfavorable periods of the year, to
provide a uniformwork platformlevel, or to mnimze snow accunul ati on probl ens.

(4) Figures 4-16, 4-17, 4-21 and 4-23 illustrate use of mats to provide therma
protection to the foundation. Figures 4-13, 4-14, 4-15, 4-22 and 4-24
through 4-27 illustrate use of mats additionally to provide stable bearing support for
footings and rafts. Figure 4-28 shows both thermal protection of a pile foundation
supported in the natural ground and support of the hangar pavenent on the gravel mat.
When used for foundation support the mat should be designed with sufficient thickness to

achi eve any needed heave reduction through its surcharge effect. For tenporary
facilities or for light flexible structures, conplete frost heave control may not be
necessary or economical. For facilities which require a foundation free fromany frost

heave or thaw settlenent effects the mat shoul d be made thick enough so that seasona
freeze and thaw are kept within the mat if the subgrade conditions are unfavorable.

Requi red thi cknesses for thernal control should be conputed by procedures outlined in T™M
5-852- 6/ AFM 88-19, Chapter 6[14]. Approxi mate values nay be estimated from figure 4-4.
If thicknesses are excessive, alternative foundation design approaches must be in-



vestigated. It should be kept in mnd that during the thawi ng season buil di ng heat may
add to the thawi ng in-
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dex of air passing through a ventilation space so long as the air tenperature is bel ow
the building tenperature even though the tenmperature differential is smaller and the
thawi ng i ndex increase is of smaller magnitude than the freezing i ndex decrease in

W nter.

(5) The surface of the mat should extend outside the perimeter of the structure
or any foundation nmenbers at |east a distance of 5 feet before sloping down to the
ground surface. |In addition, greater width should be added for wal kways or vehicul ar
traffic or to handl e constructi on equi pnent where required.

(6) Allowable bearing values for footings and sills supported on granul ar
mats vary from 2,000 psf on shallow, poorly graded sandy nat materials to 6,000 psf on
deeper, well-graded gravels and cl ean crushed rock. Thickness of granular materi al
bet ween footing and underlying natural soil nust be sufficient to reduce concentrated
stresses on the natural soils to tolerable levels, as discussed in paragraph 4-4.

f. Protection against solar radiation thermal effects.

(1) Solar radiation is a major factor in the thawi ng of frozen ground,
particularly at very high latitudes. A very substantial proportion of the heat received
in summer in those regions comes fromthis source.

(2) Because the portion of a granular foundation nmat extendi ng beyond the

bui I ding perimeter tends to absorb substantial solar heat, thaw of permafrost under this
extension, unless full protection against conbined heat input is provided, may cause
settlenent of this portion of the mat in tinme. At the extrenme perinmeter of the mat
where it is tapered down to the natural ground surface, the plane of seasonal thaw
penetration tends to be depressed because of the thinned granular cover. On south-and
west - f aci ng enbanknment edges the effect is intensified by increased sol ar heat
absorption. Settlenent or even sloughing of the enbanknment edge may result, and pondi ng
of water on thaw depressed natural ground at the toe of the slope nmay further intensify
the condition by increasing the absorption of solar radiation. Possible adverse effects
on the construction and possi bl e increased nai ntenance requirenments fromthese perineter
condi tions should be anticipated in the design. Typical provisions include extension of
the mat sufficiently far beyond the structure foundations so that the latter cannot be
af fected by thaw settlenents, including those fromsurface and subsurface drai nage of
thaw water; re-form ng of the enbanknent cross-section with additional material from
time to time during the life of the facility so as to gradually build up extra thickness
of granular material at thawsettlenent |ocations; and use of heat-absorptive or heat-
reflective coverings. The area of mat exposed to solar heat input is sonetimes covered
with nbss or peat to mininize these effects, but because of the fire hazard contri buted
by the dry organic material in sumrer, it is policy to avoid this in Army construction
except for the outernost edge of the mat contiguous with the natural terrain, where the
organic material can reasonably be expected to support a live vegetative cover. Another
solution is to provide a nore reflective surface by using a light-colored reflective
aggregate cover, if available, by spraying with whitewash or a very |ight spray coating
of white paint, or by constructing white painted pavenment in the proper position near
the structure. Such nmethods will only be successful after construction activities have
ended and accumul ation of dirt and dust on the surface has ceased. An insulating course
in the ground may sonetinmes be used to slowrate of thaw Positive but potentially
expensi ve sol utions whi ch shade both the granul ar pad close to the structure and the
piles at the perineter are special hinged pl ywod panels which can be extended fromthe
side of the structure as shown in figure 4-18, or tinber vanes as shown in figure 4-19;
whil e acting as sunshades, these do not interfere with the flow of ventilating air under
the structure. Actually, sinple white-painted npoisturedurable panels of netal or wood
or other material can be used, even if only laid on the ground surface in the critica

| ocations and anchored down. Vegetation also can be an effective agent for control of
radi ation effects but nmay not be feasible within the tine frame avail abl e or under the
site climatic conditions. Experience indicates that protection is usually needed only on
the south and west sides of structures, although facilities |ocated well north of the
Arctic Circle may in fact receive substantial sunlight on all sides during the height of
sumrer. Areas of a well-ventilated foundation which are fully shaded by the structure
agai nst sunlight nmay experience a rise of the pernmafrost table

following construction. Cantilevering the edge of the structure beyond piling, post or
colum supports so as to provide positive shade for the foundation will help to assure
maxi mum f oundati on stability on permafrost.

(3) Individual sun shades are sonetines used on the upper columm part of an
isolated steel pile. These consist of sheet metal enclosures, usually of alum num alloy
or reflective-painted |ight gauge steel. Care nust be taken in fastening themto the
colum as wi nd danage has sonetines occurred. The airspace between encl osure and col um
plus the reflective surface of the enclosure is very efficient.

(4) Another expedient is to increase the pile length by about 2 feet to ensure
adequat e bond | ength in pernmafrost when summer heat may increase the thaw depth by up to
12 to 18 inches around a steel pile.



(5) Probably the sinplest, yet adequate, approach for controlling direct
radi ati on absorption by piling which may be exposed to the sun is to paint the exposed
portions with a highly reflective white paint.
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4-3. Control of novement and distortion fromfreeze and thaw. The foundation design
engi neer nust establish the amounts of novenent and distortion which nmay be tolerated in
the structure supported by the foundation and nust devel op his design to neet these
criteria. Foundation design nmust interrelate with design of the structure.

a. Movenment and distortion may arise from seasonal upward and downward di spl acenents,
from progressive settlenent arising fromdegradation of permafrost, from horizontal
seasonal shrinkage and expansi on caused by tenperature changes, and fromcreep, flow, or
sliding of material on slopes. Detrinental effects may consist of the follow ng:

Tilting of floors

Jammi ng of doors and w ndows

Cracks and separations in floors, walls and ceilings

Br eaki ng of gl ass

Conpl ete disorientation of structural stresses

Structural failures

Shearing of utilities within structure, at structure perineter, and in the
ground

Danage to installed equiprment or interference with its operation

b. Small flexible buildings on posts and pads can easily tolerate several inches of
seasonal novenent provided the differential between various parts of the foundation is
not excessive and provided utility connections have the requisite flexibility. Post and
pad, footing and columm, and sinple pile foundations such as illustrated in figures 4-13
through 4-20 are generally satisfactory for such relatively light structures. However
per manent structures should be designed to be free fromboth seasonal and progressive
nmovenents or distortions during the Iife of the facility, except for the normal cyclic
ef fects caused by seasonal expansion and contraction of ground and structural el enents.
For certain technically conplex facilities such as radar or conmunications installations
which can tolerate only mnute nmovenment, exceptionally stringent foundation stability
and response requirenents nmay be established
c. As foundation |oadings increase, support nmenbers nmust be nore closely
spaced and/or have heavi er cross-sections, and footings nmust have |arger areas, with
| ess and | ess space between footings. Figures 4-21 through 4-23 show designs of higher
| oad capacity. Where these systens nay becone uneconomnical, designs such as the systens
shown in figures 4-24 through 4-28, capable of very high unit |oadings, should be
considered. As a last resort, where even such air ducts cannot be incorporated into the
foundation, tubing systens through which liquid refrigerant is circulated may need to be
used in the foundation. The nagnitude of the foundation |oading will have an influence
on the type of material used, and will determ ne the size and arrangenent of foundation
conponents. The relative in-place costs of materials such as wood, steel and concrete
must be known for accurate econonic eval uation of optional approaches. The geonetrics,
size and | oading of the nenbers of the foundation will determ ne the upward heave force
and di spl acement pattern and adfreeze stresses devel oped. The foundation, structure, and
loading will react, in turn, to restrict the amounts of actual heave displacenent which
can occur
d. Wod frame structures have relatively high flexibility and capability for
adjustnent to differential foundation novenents. They have often continued to give
acceptabl e service even under conditions of such severe distortion that doors have
requi red substantial triming in order to open and cl ose, wi ndow gl ass has required
replacenent with plastic filmto reduce breakage, and floors have becone conspi cuously
unl evel . Steel frame structures usually are highly suitable for nodern nmilitary
facilities, are highly reliable and versatile, and offer excellent |long termservice
capability. They are nore rigid than wood frane structures but nore tol erant of
novenment than reinforced concrete and masonry. Both pad supported and fixed types of
foundati ons may be used for wood and steel structures. Concrete and masonry exhibit in
the col d regions about the same responses to distortion as in tenperate or tropic areas.
Foundat i ons whi ch provide conplete freedomfromcracking or distortion of the structure
are required for concrete or masonry structures.

e. |If the foundation materials are thaw stable, clean, non-frost-susceptible
granul ar soil or ice-free sound bedrock, the sane type of foundations may be con-
sidered as woul d be enployed in the tenperate zones.

f. Figure 4-38 shows a typical record of pernafrost degradation and vertica

novenments of a small wooden building constructed with a "floating" foundation consisting
of arigid concrete raft on a gravel pad. This particular design is not an econonica
one; it was constructed as an experinent[73, 80]. Although regul ar seasonal vertica
novenents occurred and there was gradual progressive degradati on of permafrost at the
war mer sout hwesterly side of the foundation which recei ved maxi num sunlight in the
sumrer, resulting in tilting, the building itself performed excellently warner

sout hwesterly side of the foundati on which received maxi mum sunlight in the sumer,
resulting in tilting, the building itself performed excellently.

g. Figure 4-39 shows displacenents for a small wooden buil di ng supported on wood
pil es enbedded in permafrost[73, 180]. |In this case, 1 of the 20 supporting piles
failed to achieve freeze-back in permafrost and continued to heave progressively upward.



Di stortion of the wooden building of nore than 6 inches occurred before the top of the
pile was sawed off and a jack in-
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[retrieve Figures 4-38a and 4-38b. Wod franme residence 32 x 32 feet on rigid concrete

raft foundation, Fairbanks, Al aska (South
Si de El evation) and Wod frane residence
32 x 32 feet on rigid concrete raft
foundati on, Fairbanks, Al aska (Degradation
of permafrost on NS centerline, 1948-
1957) ]
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[retrieve Figure 4-38c. Whod frane residence 32 x 32 feet on rigid concrete raft
foundati on, Fairbanks, Al aska (Displacement of corners
1947-1964)]
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serted. The building is still giving good service nore than 20 years after erection
al t hough the one jack requires periodic adjustment and occasionally an additiona
section has to be renoved fromthe top of the pile. In figure 4-39 the rapid jacking

out of the ground of porch posts enbedded only in the annual frost zone is contrasted
with the performance of the pernafrost-enbedded piles supporting the building itself.
These porches became unusabl e and had to be reconstructed.

h. Figure 4-40 shows the rapid settlenent of a wooden garage building on a grossly
i nadequately ventilated foundation[73, 180]. The greater displacenment of the west side
as conpared to the east may have resulted fromthe effect of the late afternoon sun on
the west side. Degradation of the permafrost was finally nearly arrested by

di scontinuing heating of the building. 1In spite of extrene differential distortion of
the building it was then used for sonme years for storage with very little further
distress. It was finally noved to a new foundation and reconditioned; it is still in

use nore than 20 years after its original construction

i. Power transmission line towers can often tolerate several inches of upward and
downwar d seasonal novenent (depending on the tower design) provided there is no
progressive tilting, heave or settlenent. Therefore, it is often possible for such
towers to be economically supported on footings resting on pads of freedraining granul ar
materials. Radar or communication antenna towers, however, must usually maintain fixed
orientations at all times and normally require fixed types of foundations. Bridge piers
and abutnents are normally thought of as fixed types of structures but recent
observations of such construction in Al aska have shown that considerabl e seasona
nmovenents may occur[48]. Figure 4-41 shows observed novenents of a bridge pier in
central Al aska. Nevertheless, such facilities nust be designed for pernanent stability,
accepting small cyclic seasonal deflections due to thernmal stresses. Witer and POL
storage tanks may accept considerable novenent and distortion if properly constructed
and may therefore be supported either on "floating" or fixed types of foundations,
provided | ong range thermal stability is assuned.

j . When conponents such as exterior |oading platforns, porches or unheated w ngs are
attached to heated structures which are stably supported, the potential exists for
severe differential novenents between the facility conponents (fig 439). Such
conditions nust be carefully studied and precautions nmust be taken in design to ensure
that structural damage will not occur. To achieve this, the foundation of the attached
or unheated facilities should be provided with the sane

[retrieve Figure 4-39a. Wod frane residence 32 x 32 feet on wood pile foundation
Fai r banks, Al aska[73, 180]. See Figure 4-25 for site
conditions. See Figure 4-12b for degradation of
per mafrost, 1948-1957. (North side elevation.)]
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[retrieve Figure 4-39b. Whod frane residence 32 x 32 feet on rigid concrete raft
foundation, Fairbanks, Al aska (Displacenment of piles
and posts, 1947-1958)]
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[retrieve Figures 4-40a and 4-40b. Wod frane garage, 32 x 32 feet on rigid concrete

raft foundation, Fairbanks, Al aska (East
side elevation.) and Wod frame garage, 32
x 32 feet on rigid concrete raft

foundati on, Fairbanks, Al aska.
(Degradation of permafrost on N-S
centerline, 1948-1957)]
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[retrieve Figure 4-40c

[retrieve Figure 4-41

TM 5-852- 4/ AFIMAN 32-

Wbod frame garage, 32 x 32 feet on rigid concrete raft
foundation, Fairbanks, Al aska (Displacenment of corners,
1947-1966) ]

Vertical nmovenent of 50-feet single span bridge on pile-
supported concrete abutnents, east-west road near
Fai rbanks, Al aska]
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degree of stability, with respect to frost heave or thaw settlenment, as the main or
heated parts of the structures.

k. Control of settlenents which may result fromthaw. Thaw penetration

beneath a slab or foundation readily occurs non-uniformy. The resulting differentia
stresses and strains may cause distortion and cracking in the slab, foundation and
structure. If thawis rapid and inposed |oadings are high, displacenment of over-
stressed, thaw weakened foundation soil is possible. Under dynam c |oading, punping and
mud boils are possible. Thaw water nmay enmerge upward. These thaw settl enment probl ens
shoul d be avoi ded by adopting the proper foundation design approach for the conditions
and by designing for full thermal stability control, using the principles presented in
par agraphs 4-1 and 4-2. |If damaging thaw settlenents should start to occur, a
nmechani cal refrigeration systemmy have to be installed in the foundation or a
continual program of jacking and shimm ng will have to be adopted together with
installation of flexible utility connections.

I. Control of frost heave and frost thrust. Wen estination of the depth of

seasonal frost penetration and evaluation of frost uplift or thrust forces indicate
potential problens, they nmust be taken fully into account in design and neasures taken
as necessary to avoid detrimental effects fromeither the structural stresses devel oped
by the frost forces or fromthe resulting defornations.

(1) In the case of slab or footing foundations the heaving thrust of underlying
frost-susceptible soils may act directly upward agai nst the base of the foundation as
illustrated in figure 4-42a or laterally against foundation walls as in figure 4-42b
Piers, posts, piles, or entire foundations surrounded by frost-susceptible soils are
al so subject to frost heaving as the ground adjacent to |ateral surfaces is displaced
annual |y as shown in figure 4-42c. Should the soil conditions, noisture availability,
| oadi ng or frost penetration vary under the foundation the frost heaving effects will be
non-uniformto illustrate the problens involved, figure 4-43 shows the heave of floor
slabs in wing hangars at Loring AFB, Miine[38]. Through a conbination of sufficient
clearance of the slab around the interior colums and sufficient anchorage of the col umm
footings, no novenent of the
[retrieve Figures 4-42a and 4-42b. Frost Action Effects (Heaving of Soil in seasona

frost zone causing direct upward thrust on
overlying structural elenments.) and Frost
Action Effects (Freezing of frost-
susceptible soil behind walls causing
thrust perpendicular to structura

el ements.)]
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[retrieve Figure 4-42c. Frost Action Effects (Force at base of freezing interface tends
to lift entire frozen slab, applying jacking forces to
| ateral surfaces of enbedded structures, creating voids
underneath. Structures may not return to origina
positions on thaw ng.)]

[retrieve Figure 4-43. Average heave vs tinme. Floors of unheated wi ng hangars, Loring
AFB, Linmestone, Maine[38].]
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colums resulted and the slabs returned to their original grades in the spring. Figures
4-44 and 4-45 show the nagnitude of heave forces actually devel oped on plain steel pipe
and creosoted wood piles at Fairbanks, Al aska[51].

(2) By a nominal estimate of the effective area of the slab of seasonally frozen
soil which contributes to heave or thrust forces on a structure and by use of the
maxi mum heave pressure data presented in figure 2-9, and discussed in paragraph 2-4, a
rough approximati on of the total heave or thrust forces on a given structure can be
made. A conparison of these forces with structural foundation |oadings or passive
resistive forces will give an indication of their relative balance. By |aboratory
tests[40, 66], using either undisturbed or renolded nmaterials as applicable for the
particul ar frost-susceptible soil involved and by nore rigorous analysis of the
interaction of the structure and frost forces, a nore accurate estimate is possible in
theory. However, because of the many variables of soil conditions, npisture
availability and frost penetration, precise quantitative predictions are not usually
practical in the present state-of-the-art.

(3) Wien frost penetrates downward al ong vertical faces of walls, footings and

piles in contact with earth, as illustrated in figure 4-42c, an adfreeze bond devel ops
between the soil and the concrete, wood or other material of the foundation. |If the
soil is frost-susceptible and heaves, the wall or footing tends to be lifted with the

| ayer of frozen soil because of this adhesion. The weight of the structure at the sane
time tends to restrict frost heaving, the reduction dimnishing with distance fromthe
face. The maxi mum upward force which can be exerted on the structure is usually not
limted by the uplift force which can be devel oped at the plane of freezing, but by the
unit tangential adfreeze bond strength and the area of adfreeze contact on the wall,
footing or pile itself. The total uplift force which is thus inparted to the structure
is a function of the thickness of the frozen |ayer; the total force increases as the
depth of frost penetration and the total bond contact area increase.

(4) The tangential shear stress which can be devel oped under a given rate of
| oadi ng, or allowed in design, on the surface of adfreeze is linmted by creep, which
occurs down to stresses as low as 5 to 10 percent of the rupture strength nmeasured under
relatively rapid | oading. Tangential shear stress is a function of such factors as the
tenmperature, surface material (as concrete, steel, wood or paint), presence of salt or
other chemicals in the soil noisture, direction and sequence of freezing, and rate and
duration of |oading. Tangential shear stress values are discussed in paragraph 4-8. In
the present state of know edge, clean netal, untreated snoboth wood or snpoth concrete
surfaces may all be assuned to have similar adfreeze bond potentials. Rough concrete
and rough wood (tinber) have greater potential; however, potential for increasing
tangential shear strength by increasing roughness is limted by the shear strength of
t he adj acent frozen soil. Creosoted wood, steel with a mll varnish or red |l ead or
ot her coating substances have the | east adfreeze bond potenti al

(5) Intests in a permafrost area at Fairbanks, Al aska, average maxi mum adfreeze
bond stresses as high as 60 psi have been nmeasured on uncoated steel piles enbedded in a
silt, under natural freezing conditions. Since this is an average val ue over the area
of adfreeze, higher unit values undoubtedly were devel oped in the col dest upper |evels
of the seasonal frost zone. Values decreased rapidly when the rate of advance of the
freezing plane slowed, as stress relaxation occurred in creep. Thus, any design nmeasure
which results in slower frost penetration, and/or higher tenperatures at the adfreeze

bond surface and snall er bond area will |ower peak adfreeze bond forces and increase
probability of stability against frost heave. The sanme is not necessarily true of
direct uplift as illustrated in figure 4-42a or of frost thrust as illustrated in figure

4-42b, as direct forces may renmin high so long as ice segregation is occurring, even
with a stationary position of the freezing plane.

(6) When a structure is permitted to "float" on the annual frost zone as in
figure 4-42a, detrinental frost effects can be best avoided, first by mnimzing the
magni t udes of seasonal displacenent through the heave-reducing effect of a surcharge
provi ded by a non-frost-susceptible granular mat and, second, by insuring uniformty of
the remaining frost effects through (a) selection of sites with as nearly uniform soi
condi tions as possible, (b) careful control of thickness, soil characteristics, and
drai nage of the mat, (c) extending the mat a
sufficient distance beyond the structure perinmeter so that possible edge effects on
footings are mnimzed, and (d) providing supplenmentary shading of the foundation if
appropriate

(7) A situation simlar to that shown in figure 4-42a may devel op i nadvertently
in tenporarily exposed footing or foundations on frost-susceptible materials during
construction if adequate protection against winter frost heaving is not provided. In
two docunented cases, at Anchorage, Al aska; and at a group of md-western construction
sites, erected but inconplete structures were bodily lifted as nmuch as 4 to 6 inches by
frost action before the heaving was noticed[148]. |In the case of the m d-western
installations tilting due to differential heaving also occurred. At both locations the
foundation soils were allowed to thaw gradually and evenly; the foundations returned



essentially to their design grades and the structures were conpl eted successfully. In
an inverse case, frost heave of various parts of an Al askan school house was caused when
artificial refrigeration
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[retrieve Figure 4-44. Test observations, 1962-63, 8-inch steel pipe pile, placed with
silt-water slurry in dry-augered hol e]
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[retrieve Figure 4-45

Test observations, 1962-63

creosoted tinmber pile,

average di aneter: heave force pile, 14 in.

unrestrained pile, 12 in
slurry in dry-augered hol e]

Pl aced with silt-water
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was enpl oyed to control degradation of permafrost under the structure"’

(8) Foundations of the type shown in figure 4-42a are relatively inmune to
progressive frost action effects as the foundation readily returns each sumer to its
original position. However, foundations of the types illustrated in figures 4-42b and c
are susceptible to possible progressive jacking by frost action. In these designs,
irrecoverabl e defl ections nust be positively prevented.

(9) Wiere fixed type foundations are used as in figure 4-42c, detrinmental frost
action effects can be controlled by placing non-frost-susceptible soils in the annua
frost zone to avoid frost heave probl ens; providing sufficient enmbednent or anchorage to
resi st novenent under the heaving forces (sufficient integral strength nust al so be
provided in foundation nenmbers to ensure such forces); providing sufficient |oading on
the foundation to counterbal ance heaving forces; isolating foundati on nmenbers from
uplift forces by various means; or in seasonal frost areas by taking advantage of
natural heat |osses to mininize adfreeze and/or frost heave (here however, the
possibility of future standby deactivation of the structure w thout heat nust be
consi der ed) .

(10) A non-frost-susceptible foundation mat or backfill can be of substantia
hel p in achieving desired control. In addition to providing material which in itself
will not inmpart frost heaving forces to the foundation, the mat will inmpose a surcharge

on the underlying soils to reduce frost heaving and provide a useful thermal barrier
which will avoid the extrenely low tenperatures in the potentially adhering frost-
suscepti bl e underlying soils. Maintaining warnmer (though still below freezing)
tenmperatures decreases the adfreeze strength of the in-situ soils.

(11) Al forces which mght distort the supported structure nmust be carefully
anticipated. As discussed el sewhere sone types of foundations are self-adjusting for
non-uni formties of frost heave

(12) Thermal piles offer increased anchorage agai nst frost heaving through
| owering of pile surface tenperatures in pernmafrost. Self-refrigerating thermal piles
al so tend to reduce depth of summer thaw and furnish heat to the annual frost zone
during the period of frost heaving, thereby reducing the adfreeze bond stress in the
zone of frost jacking

(13) Various nethods of isolation are available to reduce the extrenely high
adf reeze strength and upward forces inposed on piling, footings and ot her foundations by
frost heaving

(14) Heave force isolation of piles is required when there is insufficient length
of pile in permafrost, particularly when warm permafrost is present. This condition is
particularly common when bedrock or another bearing stratumexists at relatively shall ow
depths. The bearing stratumcan conpetently support the live and dead | oads on a pile
but cannot provide sufficient anchorage to resist frost heaving forces unless the pile
is anchored at considerabl e additional expense. Such conditions are quite comobn at
bri dges, where the thermal reginme of the permafrost is influenced by the stream In
ot her situations, such as piles or poles which are lightly | oaded or carry only
transient |oads, the depth of enbednent in permafrost required solely to resist the
frost heave forces may produce uneconom cal design. Isolation may al so be nore
econom cal in seasonal frost areas.

(15) Heave force isolation may be acconplished by casing the pile or foundation
menber or backfilling around the foundation nenber with treated soil. The annul us
between pile and casing is normally filled with an oil-wax mi xture which has a thick
consi stency, as shown in figure 4-46a. Sinple casings within the annual frost zone
normally will be jacked progressively out of the ground by frost action. Therefore,
pl ates or flanges should be enployed at the bottom of the casings to resist casing
heave.

(16) To avoid the difficulties and costs involved with casing, a prem xed

backfill of soil, oil and wax may be used to reduce frost heave thrust on the upper
sections of the pile to acceptably | ow values, as shown in figure 4-46b. This nmethod of
heave isolation offers a somewhat greater lateral pile support than the casing and oil -
wax nethod shown in figure 4-46a

(17) Coating the pile length in the annual frot zone with low friction materi al
as well as creosoting[51], may tenporarily reduce frost heaving but nmust not be relied
on for this purpose in permanent construction. Chenical additives have al so been added
to the active zone i medi ately around piles but
were not found to be significant or of sufficient life to reduce heaving. Various
nmet hods of providing additional shear strength or anchorage in permafrost have been
studied to conbat frost heaving of lightly |oaded piles but were found to be only
partially effective. Some of the methods investigated including notching the pile,
driving railroad spikes in tinmber piles, welding angle iron on flanges of steel piles
and providing plates on the base of various pile types.

(18) While a large surface area in pernafrost is desired to provide a greater
capacity, the section of pile passing through the active |ayer should be as small as
possi ble. Changes in pile cross sections or surface areas avail able nay be acconplished
by the use of conposite piles. Care should be taken in using conposite piles to ensure
that the pile has adequate strength to resist tension. Reducing the surface area of



timber piles in the annual frost zone may be acconplished by placing tinmber piles butt
down. In addition to a small cross section in
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[retrieve Figure 4-46. Heave isolation]

the annual frost zone, tinber piles placed in this manner have a preferred batter to
further reduce frost thrust together with inproved anchorage.

4-4. Al owabl e design stresses on basis of ultimate strength. Utimte strength and
deformati on characteristics of any particul ar saturated frozen soil depend primarily

upon its tenperature relative to 32 deg. and the period of time that the soil will be
subjected to a given stress. The ultimte strength increases as the tenperature

decr eases.

a. There are two primary reasons for the increase in strength: first, the
solidification by freezing of an increasing proportion of the water in the voids as the
tenmperature drops (this is of inportance primarily in fine-grained soils, especially in
the temperature range between 32 deg. F and 0 deg. F); and secondly, the increase in
strength of the ice fraction with decrease in tenperature. |In addition, there is the
possibility of a contribution resulting fromsoil matrix consolidation due to ice
segregation[31, 123]. The ultimate strength of frozen soil al so decreases with increase
in the length of time over which a constant stress nust be resisted. The dependence of
ultimate strength of frozen soil on tenperature and tinme-duration of constant stress
application is shown in a plot of unconfined conpressive strength vs tenperature for a
saturated frozen fine sand (fig. 4-47)[87]. It should be noted that for a given
reduction of tenperature, the increase in long-termstrength is smaller in magnitude
than the increase in short-term strength; however, the proportionate increases are
conparabl e, as shown in figure 4-48
b. The decrease in strength with increase in tinme over which a constant stress
nmust be resisted is further illustrated in the unconfined conpression test results shown
in figures 4-49 and 4-50 for frozen saturated Otawa sand. The famly of experinmenta
curves in figure 4-49 show creep curves for different applied constant stresses at 29
deg. F. Proceeding fromhigh to the | ower stresses, the slopes of the curves decrease
until the | ower curve approaches a nearly horizontal straight line. The latter curve,
whi ch corresponds to the maxi num stress that the soil can resist indefinitely, is
considered the long-termstrength of the soil

c. The plot of tine to ultimate failure vs ultimate strength (fig. 4-50) indicates
that for this particular frozen soil the long-termstrength at 25 deg. F is in the
order of about 20 percent of that determined froma standard test for
unconfined conpressive strength. Tests on silts
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[retrieve Figure 4-47. Frozen soil creep tests, unconfined conpression, Mnchester fine
sand]
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[retrieve Figures 4-48 and 4-49.

Variation of ultimate strength ratios with
temperature rates of |oading Unconfined
conmpression creep curves for frozen Otawa
sand at 29 deg. F]
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[retrieve Figure 4-50. Utimate strength vs tine to failure for Otawa sand (20-30
mesh) at various tenperatures, conparing test data with
comput ed val ues]
and clays indicate that the long-termstrength | evel can be as low as 5 to 10 percent of
that determ ned froma standard test for conpressive strength.
d. The load carrying capacity of frozen soil is essentially determ ned by its shear
strength and within certain linits the relationship between shear strength and norma
pressure nay be witten as:

(Equation 2) s =c + p tan [phi]

wher e ¢ = cohesion, which is dependent upon both tenperature and tine
[phi] = angle of internal friction
p = total normal stress.

e. To show graphically how shear strength varies with tine, Mhr’'s envel opes

for frozen sand are shown in figure 4-51. The envelopes are plots of the ultimate shear
strength vs normal stress for different rates of applied strain in controlled strain
rate type triaxial tests. Two characteristics are of interest here. First, the
ultimate shear strength is less for the low strain rates than for the higher ones; and
secondly, the envel opes are noticeably curved, that is, shear strength is not directly
proportional to normal stress. Therefore, when testing frozen soil for shear strength,
the tests nust be perfornmed using a nornal stress near the value to which the in-situ
material will be subjected and | arge extrapol ati ons of the shear envel opes shoul d be
avoided. It is permissible and conservative to use a secant to the envelope if a
straight line relationship between the shear and nornmal stress is desired, provided the
secant intersects the envelope at the in-situ stress val ue.

f. Experinental work indicates that | ong-termshear strength of saturated

frozen soils can be determ ned for practical purposes by the equation

[sigma] +t+ = __-__]_k}/B) (by Vial ov) (Equation 3)
n

wher e
[sigma] +t+ = the constant stress |level at which failure will occur at tinet in

psi
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[retrieve Figure 4-51. NMohr’s envel opes for frozen sand (Otawa sand, 20 - 30 nesh)]
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t = period of tine after application of stress ([sigma]+t+) that
failure will occur, hour
[BETA] and B are soil constants that are tenperature dependent.
g. It should be noted that equation 3 is an enpirical relationship for creep

strength and it is not valid for small values of t since the strength woul d becone
infinite when tine approaches zero. For practical applications of equation 3, the value
of t should not be |l ess than, say, one mnute.

h. One nmethod of determining the ultinmate bearing capacity of a foundation on
permafrost is to assune that frozen soil is a purely cohesive nmaterial and use an
appropri ate foundati on bearing capacity equati on.

i. This assunption is conservative since the internal friction term(p tan [phi] of
equation 2) is assunmed to be zero. Internal friction can contribute substantial shear
resistance in some frozen soils, such as unsaturated frozen soils; however, the
determ nation of the value of requires that triaxial creep tests or simlar tests be
performed for the specific in-situ conditions under consideration, whereas a value for
the cohesion factor can be deternined by relatively sinple unconfined conpression creep
tests using procedures described below. For footings, the equations devel oped by L.
Prandtl and K. Terzaghi can be applied using a cohesion value thus determ ned. This
method is particularly appropriate for frozen silts and clays and can be readily applied
also to frozen fine-to medi umgrained saturated sands. For frozen gravels and tills
sonewhat greater difficulty is involved
j. To deternine the strength value of the frozen soils for use in equation 3,

a mninmmof two unconfined conpression creep test are required on undi sturbed

soi | sanples of each type of foundation soil. These tests nust be conducted near the
estimated tenperature or naxi mum seasonal tenperature (critical tenperature) of the
natural foundation soil. To expedite the creep testing, one of the creep tests should

be perforned at a stress |level of about 60 percent of the conventional unconfined
conpressive strength and a second test near the 40 percent strength at the critica
tenmperature. |In general, the test at the 60 percent stress |evel should require |ess
than ei ght hours to perform the test at 40 percent stress level may require as nuch as
three days. Using the period of tinme required for each of the two test sanples to fai
and the corresponding applied creep stress for each test, the constants [beta] and B can
be eval uated by substituting twice into equation 3 and solving the sinultaneous
equations. By substituting the estimated design life of the structure into equation 3
(unless specific justification exists for assunming a different Iife span, a 25-year life
shoul d be used for a permanent structure), a value of [sigma]+ult+ is determned. A
nonmogr anf 186] to solve equation 3 is shown in figure 4-52 with an illustration
of its use and may be used as a check on these conputations. The nonbgramis linmted in
its application to situations where the shortest duration of test is |onger than one
hour. Since the cohesive strength is about one-half the unconfined conpressive
strength, the value of ultimate cohesive strength is onehalf the [sigma]+ult+ so
determ ned. The value of ultimate cohesive strength nmust still be reduced by an
appropriate factor of safety. Factors reconmended in TM 5-818-1/ AFM 88-3, Chapter 7[5]
shoul d be used
k. Allowable | ong-term cohesive stresses for a few specific frozen soils are
listed in table 4-4. These stresses include a factor of safety of 2.0. The degrees of
reduction involved in these stress values fromshort-termstrength results may be
visualized in figure 4-53 which shows Mhr’'s envel opes for six frozen mineral soils,
frozen peat and ice, based on tension and unconfined conpression tests. The 1 T/ft+2+
al | owabl e design stress for Manchester fine sand at 31.0 deg. F is indicated on the
ordinate of the left hand diagram and may be conpared with the envel ope for the sane
material. The 2.0 T/ft+2+ all owabl e design stress for the same soil at 29 deg. F is
shown on the right hand diagram It is enphasized that values in table 4-4 are given for
general guidance and that cohesive stress values for the specific foundation soil under
consi deration shoul d be determ ned by test procedures previously outlined.

I .  Wen foundations are supported on soils containing |arge size particles, such as
gravel or glacial till, the working design strength will depend on the amount of ice
present. |If there is a substantial ampunt of segregated or excess ice, the behavior of
the material should be assuned to correspond to that of the
frozen fine fractions of the soil, or of ice. If the soils are under-saturated or the
voids are conpletely filled but there is no excess ice and full particle to particle
contact exists, the soils may be expected to behave |ike unfrozen soils with nornal void
ratio at relatively low stress levels. These stress levels do not disturb essentially
the original particle to particle bridging, which the ice here helps to maintain.
However, creep behavior should be expected at higher stress |evels which involve
sufficient strain deformation to force the ice matrix into positive response. It should
be kept in mind that in frozen soils the volume changes which in unfrozen soils attend
shearing deformation are essentially prevented, thus greatly nodifying shear response.
4-5. Estimation of creep deformation.



a. Determination of the bearing capacity of frozen foundation material on the
basis of ultimate strength as described in the preceding section will not necessarily

i nsure satisfactory perfornmance, because unacceptabl e progressive creep deformati on nmay
occur. As descri bed
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[retrieve Figure 4-52. Stress sand tinme to failure in creep]
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Table 4-4. Al owabl e Desi gn Cohesive Stress for Saturated Frozen Soil in
T/ft+2+ on Basis of Utimte Strength.
The val ues for stress shown include a safety factor of 2.0. The stress val ues
shoul d only be used where cohesion is the sole factor invol ved.
Critical (highest) tenperature of
U S. Arny Corps of Engineers frozen soil beneath base of the
foundati on
Frozen Soi | 31 deg. F 29 deg. F 25 deg. F 15 deg. F
Saturated O tawa sand[87] (20-30) 1.0 2.5 4.5
Manchester fine sand[87]
(Saturated uni form fine sand) 1.0 2.0 3.5

Hanover silt

(Saturated silt, M, non-plastic,

no visible ice lenses, w </ = 35%

(Unpubl i shed CRREL dat a) 0.6 1.5 3.0

Suffield clay

(Saturated clay, CL; LL 35, PL 20;

no visible ice lenses, W </ = 40%

(Unpubl i shed CRREL dat a) 0.5 1.0 2.5

[retrieve Figure]
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[retrieve Figure 4-53. Mohr envelopes for frozen soils under noderately rapid | oading,
fromtension and unconfi ned conpression tests]
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i n paragraphs 2-5a and 4-4 and as illustrated in figures 2-15, 4-49 and 4-50, frozen
soils and ice exhibit creep characteristics under long term|oads down to at |east as
low as 5 to 10 percent of their rupture strengths under relatively rapid |oading. Wen

sl ow, progressive novenment occurs in foundations on saturated frozen soil in absence of
thawing, it is generally the result of creep. Creep is a tinme dependent shear phenonenon
in which the total volume of the stressed material remamins constant; i.e. the stressed

soil flows rather than consolidates. |In TM 5-852-1/AFM 88-19, Chapter 1, slope creep is
defined as "extrenely slow downsl ope novenent of surficial soil or rock debris, usually
i mpercepti bl e except by long-termobservation.” |In that case the nmovenment usually

i nvol ves freeze or thaw action in strata near the surface and downsl ope novenent of
seasonal |y thawed soil, together with creep of frozen naterials when stress and
tenmperature conditions favor this. For creep of frozen naterial, the ice filling the
soil voids may be considered to be a fluid of extrenmely high viscosity. Wthin norma
pressure and time frane, consolidation of soil can only occur if air or other gas voids
are present in the soil mass or if part of the soil npisture is not frozen.

b. In general, present design practice is to avoid the problemof creep in frozen
soi | foundations either by supporting footings on mats of well drained non-frost-
suscepti bl e gravel or other material which spread stresses sufficiently so that stresses
on underlying confined frozen materials are conservatively |low, or by placing
foundations at a sufficient depth in the ground so that the overburden pressure
ef fectively minimzes foundation-induced creep

c. Wen analysis indicates that a footing, raft, pier or simlar foundation designed
on the basis of ultimte strength with recormended factor of safety will devel op
unaccept abl e creep deformation over the |life of the facility, the design nust be revised
to bring the deformation within acceptable linmts.

d. Various enpirical equations have been proposed for the prediction of creep

of frozen soil in unconfined conpression. At the present tinme, these equations do not
take into account the conplex stress and defornmation conditions of the soil beneath a
foundation. For the first approximation of the anbunt of creep that nmay be expected,
the follow ng enpirical equation sinlar to Vialov[107] nay be applied to a foundation

[retrieve Equation 4]

Typical values for m [lanbda], [onega] and k for equation 4 are given for
specific soils in table 4-5. These values were derived enpirically by |aboratory tests
demandi ng quite precise neasurenents of the absolute values of strain and requiring
several tests for evaluation of the constants. Care nust be taken to use the proper
units consistent with those given in the table.
e. A conservative nmethod for estimating the vertical creep of a foundation is
to assunme that the foundation is supported by a colum of frozen soil having a height
equal to 1-1/2 tinmes the | east plan dinmension of the foundation and apply equation 4 to
conpute the strain and hence the deformation of the soil colum. In applying equation 4,
val ues for stress and tenperature are assuned to be constant for the period of tine
under consideration. The average tenperature of the colum of permafrost for the
critical period of the year can be projected fromground tenperature records or fromon-
t he-spot tenperature nmeasurements. The critical period of the year is that tinme of year
when pernmafrost tenperatures beneath the foundation are warnmest. The magni tude and
di stribution of stress under the foundati on can be approxi mated by using elastic theory,
as outlined TM 5-818-1/ AFM 88-3, Chapter 7[5]. Since nagnitude of stress decreases with
depth, it is necessary to use an equival ent constant stress in order to apply equation
4. A closer approximtion of the ampunt of creep can be obtained by dividing the soi
beneath the foundation into an arbitrary nunber of horizontal zones and using an average
constant stress and tenperature for each zone. Using these average val ues and the
t hi ckness of each zone, equation 4 can be used to estimate the vertical deformation of
each zone. The total defornation will be the sumof the deformations of all the zones.

Where the soil is stratified, the boundaries of sonme of the zones shoul d be coinci dent
with the stratuminterfaces
f. It is enphasized that this procedure will give only an order of nagnitude of the

amount of creep and the constants in table 4-5 apply only for the specific

soils listed and are given only as a guide

g. A second, nore accurate, method of predicting creep requires performance of

unconfi ned conpression creep tests on undi sturbed sanples of the foundation soil at the
design stress level and at the predicted tenperatures of the foundation soil and
application of the follow ng enpirical equations:
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Table 4-5. Constants for Equation 4 (by CRREL and ref 107)
Al'l constants are di nensionl ess except that the units of [omega] for the equation to
be di mensionally correct are: [psi(hr)+[|anbda]+]/deg. F+k+.]
Frozen Soi l m [l ambda] [ onega] k

Saturated Otawa sand* 0.78 0. 35 5500 0.97
(20-30 nesh)

Manchest er fine sand* 0. 38 0.24 285 0. 97
(saturated uniformfine
sand, 40-200 nesh)

Suffield clay* 0.42 0.14 93 1.0
(saturated clay*, CL

LL 35, PL 20, no visible

ice | enses, w <= 40%

Hanover silt* 0. 49 0.074 570 0.76
(saturated silt, M,

non-plastic, no visible

ice | enses, w <= 35%

Cal | ovi an sandy | oant* 0. 27 0.10 90 0. 89
(sandy silt, M)

Bat - bai oss cl ay** 0.4 0.18 130 0.97

*Data from | aboratory tests, CRREL.
**Data from Vialov et al. (1962), Ch. V.[107]

U S. Arny Corps of Engineers
[retrieve Figure]
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[retrieve Equations 5 and 6]
An illustration of the use of this nmethod is given in paragraph 4-7b(2).

h. The third and probably nost accurate method of predicting creep is to run a

field test on a prototype or |arge size nodel of the foundati on under consideration and
apply equation 6. The field test should be perfornmed on the nodel using the same
configuration, soil pressure and soil tenperatures as for the foundation to be
constructed, and on the same frozen soil. The design stress should be applied to the
nodel as nearly instantaneously as possible but w thout inpact. (One nethod of applying
the load is to rel ease the hydraulic pressure fromjacks in a manner so as to quickly
transfer a dead weight |oad fromthe jacks to the nodel foundation.) After the ful

|l oad is applied, the defornmati on of the nodel should be recorded at frequent intervals
to define the tine vs deformation curve for a period of eight hours. The el evation
shoul d be recorded before | oading and i nmediately after |oading. (The difference

bet ween these two readi ngs gives an estimte of the instantaneous deformation that
occurs during load, i.e. [epsilon]+0+.) Using the time after |oad application as tine
zero, then deformation readings should be taken at times 1, 2, 3, 4, 5, 10, 20, 30

m nutes, 1 hour, and every hour, until 8 hours have el apsed. .

i. Using the data obtained fromthe nodel tests, the values of [epsilon]+1+

and Min equation 6 can be determ ned graphically. One technique is to use the slopes
of the tangents to the deformation vs tine curve on arithnmetic coordinates at tinmes of
1/2 hour and 1 hour after stress application (see figure 4-54) for details). A second
technique is to determine the rate of deformation

of the foundation at several tinmes and plot log [epsilon] vs |og I/t.curve for the 8
hours of the test. The slope of this curve is the value of M The val ue

of [epsilon]+1+ can be read fromthe curve directly, i.e., at 1 hour; see figure 4-55
for details.
The foundation soil tenperature is nearly constant and is the same for the
nodel as for the foundation during the critical period of the year (defined above).
The test is performed in in-situ soil that the structure foundation is to be
founded on and that the same soil conditions extend at |east to a depth equal to the
smal | er di mension of the entire foundation
The nodel dinensions are |large enough to mininmze the edge and side effects. k.
The various test requirenents may nake this approach difficult to enpl oy;
the soil tenperature requirements, for exanple, may substantially restrict the time of
year within which the field tests may be perfornmed.
I. It nust be enphasized that the methods and ideas presented here for predicting
creep of frozen soils are still under investigation
m \Where the tol erable foundati on novenent is very small, a special investigation
for the determ nation of creep deformati on may be required.

4-6. Dynanic | oadi ng

a. Ceneral
(1) Foundations supported on frozen ground, ice or snow may be affected by
hi gh stress type dynanic | oadi ngs such as shock | oadi ngs from high yield expl osi ons, by
| ower stress pul se type | oadings as from eart hquakes or inpacts, or by relatively |ow
stress, relatively | ow frequency, steady-state vibrations. |In general, the sane design
procedures used for non-frozen soil conditions are applicable to frozen soils. Design
criteria are given in TM 5-809- 10/ AFM 88-3, Chapter 13[3], TM 5-856-4[18], and EM 1110-
345-310[20]. These nanuals also contain references to sources of data on the genera
behavi or and properties of non-frozen soils under dynam c | oad and di scuss types of
| aboratory and field tests available. However, design criteria, test techni ques and
nmet hods of analysis are not yet firmy established for engineering problens of dynamc
| oadi ng of foundations. Therefore, HQA (DAEN ECE-G), WASH DC 20314 or HQUSAF/ PREE,
WASH, DC shoul d be notified upon initiation of design and should participate in
establishing criteria and approach and in planning field and/or |aboratory tests.

(2) Al design approaches require know edge of the response characteristics of
the foundation materials, frozen or non-frozen, under the particular |oad involved. As
dynam c | oadi ngs occur in a range of stresses, frequencies and types (shock, pul se,
steady-state vibrations, etc.) and the response of the soil varies depending upon the
| oad characteristics, the required data nust be obtained fromtests that produce the
sane responses as the actual load. Different design criteria are used for the
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[retrieve Figures 4-54 and 4-55. Frozen soil creep test on Manchester fine sand,
unconfined conpression, 200 psi at 15 deg.
F and Frozen soil creep test on Manchester
fine sand, unconfined conpression, 15 deg.
Fl
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different types of dynamic |oading and different-paranmeters are required. Such
properties as noduli, damping ability, and velocity of propagation vary significantly

with such factors as dynam c stress, strain, frequency, tenmperature, and soil type and
condi tion
b. Determination of response characteristics of foundation materials. The testing

of frozen materials under dynanic |oading has been only recently explored and rel atively
few published data are available. Sonme data are shown in figure 2-17. It will usually
be necessary to conduct a test programfor the particular site and the particular soils
i nvol ved.

(1) In-situ tests. Two nethods are available. |In a procedure described in a

Wat erways Experinment Station paper a vibrator is placed on the surface and

operated at a range of frequencies[106]. The characteristics of the wave are neasured,
yielding a rel ationship between shear nodulus and depth. Various seismc procedures may
al so be used[ 84, 124, 175].
(2) Laboratory tests. Few |aboratories are presently equipped to test
frozen soils under dynami c | oads, but suitable techniques are avail able. Foundation
anal ysis for high stress, shock type | oads requires know edge of the equation of state
for the condition of interest so that the conservation of energy |aws may be applied.
Test techniques yielding pressure-vol ume-tenperature rel ationships for frozen soils have
been described in several papers[32, 63, 128, 170, 176]. Design analysis for |ow
stress, steady-state vibration type |oading requires values for deformation noduli,
velocity of wave propagation, and internal danping for the particular soil. Kaplar[68]
and Stevens[ 93] have described two test techniques. The first of these techniques
yields moduli of elasticity and rigidity, longitudinal and torsional velocities of wave
propagation, and Poisson’s ratio. The second techni que uses viscoelastic theory and
yi el ds conpl ex Young's noduli, dilatational and shear velocities and internal danping
factor expressed as the tangent of the lag angle between stress and
strain[93, 94]. The latter value may be expressed as an attenuation coefficient.

(Consi der a plane wave passing through a solid. |[|f the displacenent anplitude at a
di stance fromthe source is A+l+, and at a distance, X, farther along is A+2+,
then: A+2+ = A+l+ e+ -[al pha] x+, and [al pha] is the attenuation coefficient. It is a

property of the material.) |If danping is small as it usually is in frozen soils, the
conpl ex nodul us does not differ significantly fromthe elastic nodul us.

c. The response of frozen materials to dynamc |loads. |n general, frozen soils are
nore brittle, are stiffer (that is, have higher noduli) and have | ess danping capacity
than non-frozen soils. However, these properties vary widely, primarily with
tenmperature, with ice volunme/s oil volunme ratio, soil type, |oad characteristics, and
degrees of ice saturation and segregation. The classification systemfor frozen soils
descri bes frozen soils in terms of the nost fundanmental of these paraneters. Rock al so
tends to be stiffer when frozen. Possibly both non-frozen and frozen materials may be
present in a foundation, conplicating the problem
(1) High stress dynanmic |oads. Wile high stress |oads may result froma
variety of causes, nobst avail able design criteria have been devel oped for the case of
protection of a structure against the shock | oadi ngs i nposed by expl osions. Design of
the structure, including the foundation, for stresses resulting fromexplosions is
covered in TM 5-856-4[18]. In general, the pressures resulting froman air blast are
nore critical to surface facilities than ground transnmtted shock waves, and the
guestion of the response of the soil does then not particularly enter the problem
However, if the structure is underground or the shock source is in the ground, then
consi deration nmust be given to the characteristics of the stress wave propagating
t hrough the ground and, in the cold regions, through frozen materials. The theory
enpl oyed and general approach to the problemare given in TM 5-856-4. |If the stress
involved is sufficiently |low or such that a change in state of the material does not
occur, the required soil properties nmay be obtained as discussed in (3) below If a

change in-state does occur, as is possible in shock type |oads, then the
pressure-density-tenperature relationship for the particular material nust be
obt ai ned[ 32, 63, 67, 90, 128, 176].

(2) Dynamic |oads inposed by earthquakes.
(a) TM 5-809-10/ AFM 88-3, Chapter 13[3], presents criteria for design of
structures agai nst earthquake danmage, including earthquake intensities for design
purposes for the state of Al aska and some other cold regions |locations. Recent
suggest ed procedures for earthquake design enpl oy response spectrum techni ques wherein
the response of the structure in each node is considered and total response is obtained
by conbining the separate nbdal responses. An exanple of the application of this
techni que has been presented by Severn and Tayl or[ 190].

(b) Al design techniques enployed for nonfrozen soil conditions are

applicable to frozen soil conditions, but the response of frozen soils to earthquake
| oad may obviously be quite different. O primary concern is the brittleness, greater
stiffness and overall rocklike behavior of frozen soil as conpared with nonfrozen soil.
Stress wave velocities are nuch higher and danping is generally lower in the frozen
soil. Propagation of the stress wave through permafrost nay be faster and of higher
intensity than for non-frozen soils.



(c) The U. S. Geological Survey has reported observations on the Al askan
eart hquake of 1964[205]. Seasonally frozen soil on the surface acted as a nore or |ess
rigid bl anket over the underlying non-frozen soil. Were the blanket was 2 or 3 feet
thick, cracks of a brittle nature occurred, sonetinmes formng |arge sl abs of
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frozen soil. |In sone cases a punping action resulted, wherein non-frozen soil and
debris were ejected through the cracks in the frozen soil layer. There was nention, in
a few oases, of sliding occurring along the interface of the frozen and non-frozen

| ayers.

(d) The design engi neer shoul d visualize the possible effects of an earthquake
on the foundation, whether it may involve sliding of slabs of frozen soil in wnter
sliding of saturated thawed soil over permafrost in sunmer, or other effect and should
avoi d any situations or actions which may be hazardous or inprudent.

(3) Low stress, vibratory | oads.

(a) Design of foundations for radar towers with rotating antennas and
structures supporting heavy nmachi nery, turbines, generators, and the |ike, must consider
the response of the foundation and soil mass to the vibration. Evaluation of natura
foundati on frequency, displacenments and settlenent nay be required. The critica
situation may be a condition of resonance which can produce unacceptabl e di spl acenents
and settlements and/or interfere with the operation of the facility. EM 1110-345-

310[ 20] gives a design procedure for predicting the resonant frequency and di spl acement
under vibratory |oads. Three nodes of notion are treated: vertical novenent, rotation
about a vertical axis, and rocking about a horizontal axis. The equations are based on
the elastic hal f-space concept. Danping is that involved in dissipation of energy with
di stance; damping as a result of the viscous or internal friction properties of the
material is not accounted for. However, as internal danping is snmall for many soils,
especially frozen soils, the procedure is adequate for nost cases. A value for the
shear nodulus of the soil is required. Young's nodulus and Poisson’s ratio nmay al so be
used. The elastic half-space nmethod assunmes that the soil mass is nore-or-|ess
honbgeneous and isotropic. |If the soil nass radically departs fromthe condition, as in
the case of a strongly layered soil, a partially frozen condition or similar situation
speci al design procedures nust be enployed. Conputer codes for calculation are
avai |l abl e and two di nensional conputer codes are in the state-of-the-art. However, the
required properties of the soils are not always directly available fromtest. This is
especially true of frozen soils. Mdst material property inputs are based on one-

di mensi onal plane strain tests. It is seldompossible to exactly reproduce in tests the
conpl ex stress and defornation states which govern actual behavi or under dynam c | oads.
Therefore, engineering judgnent based on broad experience and know edge must be enpl oyed
in choosing test procedures and in analyzing test results to select suitable values for
use in conputer solutions.

(b) The response of frozen soils to vibratory |oads varies with the stress,
strain, and frequency inposed by the load, with exterior influences such as tenperature
and confining pressure, and with the soil characteristics such as
void ratio, ice volune/soil volume ratio, degree of ice saturation and soil type.
Testing to date has not established definitive relationships with these variabl es but
data indicating general trends are avail abl e.

(c) Measurenments of velocity of the dilatational wave have been made using
seismic nmethods. Table 4-6 lists velocities for a variety of frozen soils and rocks. If
Poi sson’s ratio is known or assuned, Young' s nodul us may be cal cul ated from such
velocities as follows:

[retrieve Equation 7]

(d) As the seisnic nmethod uses very high rise times, nodul es val ues nust

be considered as upper linmts.

(e) Figure 2-17 shows dynanic noduli and Poisson’s ratio determni ned by

Kapl ar for various frozen soils at various tenperatures[68]. It will be noted that the
stiffness decreases drastically as tenperature rises and approaches 32 deg. F. The test
procedure used in this case did not allow neasurenent of internal danping as a materia
property. No variation of nodulus and velocity with frequency or stress |evel was
determ ned and test frequencies ranged from830 to 4000 Hz. Stress |evels were unknown
but were low, such as to give a linear response.

(f) The decrease in stiffness with rising tenperature enphasizes the

possibility that energy dissipation into the soil may raise the tenperature
sufficiently to alter the foundati on response or even its stability. A pile enbedded in
frozen soil and depending for its bearing capacity on the adhesive strength between the
soil and pile may, under steady-state prolonged vibration, dissipate energy into the
soil sufficiently to raise the tenperature. The stateof-the-art does not currently
al l ow cal cul ati on of energy dissipation into the soil and tenperature rise at the
soil/pile interface under a given dynam c | oad. However, the designer shoul d consider
the possibility.

(g) Figures 4-56 through 4-60 illustrate the effect of ice vol ume/soi

volune rati o, degree of ice saturation, frequency and stress on the nodul us. Conplete
data including the conplex Young’'s and shear noduli, the corresponding velocity of wave
propagati on, Poisson’s ratio, danping expressed as the tangent of the lag angle between
stress and strain, and the attenuation coefficient have been reported by CRREL[176].
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[retrieve Table 4-6. P-wave Velocities in Permafrost]
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For these data, the test techni que enployed was that given by Stevens[93]. Conpl ex
nodul i may be used as equivalent to elastic noduli when danping is nornally snall

(h) As shown in figure 4-56, conplex Young’ s nodulus of 100 percent ice-
saturated, non-plastic frozen soils increases sharply as the ice volune/soil volune
rati o decreases. As the ratio increases the nodul us approaches that of ice. The
rel ati onshi p shown does not appear to apply for plastic soils.
(i) Figures 4-57 and 4-58 show the relationships of conplex shear and
Young’s noduli to percent ice saturation. The noduli decrease rapidly with decrease in
percent saturation, obviously approaching the noduli in a non-frozen state.
(j) Figures 4-59 and 4-60 show the relationship between shear nodul us,
stress level, and frequency. Wthin the test ranges the relative effects are smal
except for partially saturated clay. However, the effect of stress and/or frequency on
the shear nodul us could be significant for stresses and/ or frequenci es outside these
test ranges. Therefore, these relationships are sufficiently inmportant to warrant
consi deration when choosing a nodul us for design
(k) Smith[91] has published data on properties of snow and ice under
vi brating | oads

(1) The data presented in this manual and in the reference publications serve
only as a guide and it will be necessary in nobst problemcases to carry out a test
program covering the range of soil conditions, test freqg-

[retrieve Figure 4-56. Conpl ex dynanmi ¢ Young' s nodul us vs volune ice/volune soil ratio
for frozen saturated, non-plastic soils.]
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[retrieve Figure 4-57. Conplex dynanm c shear modul us vs ice saturation.]
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[retrieve Figure 4-58. Conplex dynam c Young’s nodul us vs ice saturation.]
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[retrieve Figure 4-59. Conplex dynanmi c shear nodulus vs dynamic stress at constant
frequency (500 Hz), tenperature 15 deg. F]

[retrieve Figure 4-60. Conplex dynanmi c shear nodulus vs dynamic stress at constant
frequency at constant dynamic stress (1.0 psi),
temperature 15 deg. F]
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nuenci es, stress levels, and tenperatures, applicable for the specific site.

4-7. Design of footings, rafts and piers.
a. General. Footings, rafts and piers are considered together in this section
because they share the conmon characteristic of devel oping | oad supporting capacity
through the bearing of a horizontal surface of adequate di nensions on the supporting
soil stratum
(1) Suitable foundations of these types shoul d:
(a) be safe with respect to bearing capacity failure
(b) keep displacenent, settlenent, heaving, or creep deformations, and, when
requi red, resonant frequency within acceptable limts.
(c) be economical to construct and nmintain.
(2) Foundation design nust satisfy all three of these criteria. However, in sone
cases one or two of the criteria may have predoni nant inportance.
(3) A footing is an enlargenent of a colum or wall to distribute concentrated
| oads over sufficient area so that allowable pressure on the soil will not be exceeded.
A spread footing, individual colum footing, or isolated footing is usually an
i ndi vi dual square or circular footing placed beneath a colum or post. A conbined
footing is a footing carrying nore than one colum or post. A footing that supports a

wal | is a continuous or wall footing. A shallow footing is a footing whose width is
equal to or greater than the vertical distance between the surface of the ground and the
base of the footing. A sill or nud sill is a structural piece such as a tinber which

rests directly on the soil and supports the structure.
(4) Wth proper design care all these types can be used successfully for
arctic and subarctic structure foundations under the particular conditions to which they
are suited, although they may not always be as econonical as alternatives such as piles.
I ndi vi dual colum footings are preferred to continuous footings because of the greater
risk of structural foundation danmage for the continuous type of footing in frost areas.
Exanpl es of all these footing types are shown in figures 4-13 through 4-17, 4-22 through
4-24 and 4-27. As illustrated by these figures, footings on frost-susceptible
permafrost soils may be placed at the surface of foundation gravel mats as in figures 4-
13 through 415, and nmay be placed within the gravel mat as in figure 4-24, or may be
pl aced bel ow the depth of naxi mum seasonal thaw which will exist after construction, as
illustrated in figures 4-16, 4-17 or 4-23. |In the latter case a granular |ayer of clean
gravel or sand should be used i mediately below the footing to provide a suitable
wor ki ng and pl acement surface; it may al so serve to reduce bearing pressures on the
underlying materials. During construction in warm weather this granular |ayer also
provi des sone protection of underlying thaw susceptible permafrost during the footing
installation

(5) For frost-susceptible soils in seasonal frost areas footings should normally
be supported bel ow the depth of seasonal frost penetration, whether the structure is
heated or not. Wile it is true that such footing depth may appear unnecessary for nany
types of heated structures in seasonal frost areas because of the protective effect of
heat | osses into the ground, it is unrealistic to assume that a facility will continue
to be heated if it is placed on standby status at sone future date. Placenent of a non-
frost-susceptible fill of sufficient depth on the site would avoid this requirenent.

(6) |If foundation soils are clean, granular and non-frost-susceptible,
conventional tenperate zone foundation practice may be used in both seasonal frost and
per maf rost areas and footings should be placed at a m nimumdepth of 4 feet. This depth
is recommended in order to nminimze seasonal thermal and nechanical effects, such as
seasonal expansion and contraction, which are nost intense in the upper |ayers of the
ground and tend to inpose stresses on the structure.

(7) A variation of the continuous footing is the sill or nud sill type
foundation, usually used for snall structures having light floor |oads or for tenporary
buildings. |If only snall-dinmension sill menbers are used, wi thout ventilation, this

option is limted to non-thaw susceptible granular foundation materials or under |ess
favorabl e foundati on conditions to very tenporary use beneath small structures with the
aid of a granular mat to distribute differential novenents and jacking and shi mm ng
provisions to allow adjustnent of
differential novenents. However, the latter usage is not recommended, even for
tenmporary construction facilities, unless heated. |If large dinmension sills are used,
mar gi nal ventilated foundati on designs are possible for small structures, as by using
t hrough beans across the m ni mum di mensi on of the structure.

(8) Araft or mat foundation is a conbined footing which covers the entire area

beneath the structure and supports the walls and structural colums. It is usually

enmpl oyed where heavy floor |oads are required, such as in hangars, garages and

war ehouses. It acts as a unit and minimzes differential nmovenents which could occur in
the use of individual footings. As enployed in permafrost areas, ordinary raft
foundations are reinforced concrete slabs on gravel mats, as illustrated in figures 4-25

and 4-26, enploying various neans of insulation and ventilation or refrigeration between
the floor and the underlying gravel mat (paras 4-2c and 4-2d). Care nust be taken to



insure that all parts of the foundation are protected by insulation and cooling
provi sions, including areas beneath the walls.
(9) In an internediate type of foundation, a slab is used to support heavy

fl oor | oads, but the support
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[retrieve Figure 4-6la. Bearing capacity fornul as]
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[retrieve Figure 4-61b. Bearing capacity fornulas. (U timate bearing

capacity of deep foundations in c-[phi] material.)]
system for wall and colum loads is separate, as illustrated in figures 4-24, 427 and 4-
28. Choice may depend on either structural or econonic factors, or both.

(10) A pier is a prismatic or cylindrical colum that serves, like a pile or pile
cluster, to transfer load to a suitable bearing stratumat depth, as illustrated in
figure 4-61b. It may be noted in figure 4-61b that the bearing capacity increases as
the square of the radius of the pier in two of the three factors making up the tota
bearing for the circular pier, thus suggesting rapid increase of bearing capacity with
di ameter of pier.

(11) However, it should also be noted that the ultimte frost heaving force which
can be devel oped on a pier or on the stemof a footing is a function of the surface area
of the menmber in contact with the seasonally frozen ground and hence of the dianmeter of
a cylindrical nmember. The frost heaving force is capable of fracturing nenbers which
are weak in tension and which are solidly anchored bel ow t he seasonal frost zone.
Footing or pier nenmbers in the seasonal frost zone which may be placed in tension by
frost heave forces should be nade strong enough to resist such tensile stresses. The
amount of steel reinforcement in concrete nenbers should be sufficient to prevent
cracki ng of concrete and the consequent exposure of steel to nobisture. To prevent
foundation uplift, bases of footings should be | arge enough to resist frost heave uplift
t hrough passive soil reaction of the base projections against overlying materials, or
pi er-type foundati ons should extend to sufficient depth to resist such uplift through
skin friction or adfreeze bond on lateral surfaces. Uplift resistance contributed by
dead |l oad fromstructure and wei ght of foundation should be taken into account. Wen
practical, surfaces in contact with the frozen soil may be battered so that heave of the

frozen layer will tend to reduce the contact and thereby mininize heaving forces. It is
al so desirable that vertical foundation nenbers extending upward through the annua
frost zone fromunderlying pads be as snall in cross section as possible to mininize the

total heave seasonal frost zone during thaw, care nust be taken to avoid col um
instability in thinned-down nenbers. Frost heave forces nay be estinmated as descri bed
i n paragraph 4-31
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force. O course, if foundation nmenbers are isolated fromthe annual frost zone by
nmet hods as described in paragraph 4-31 such requirenments are reduced. Since negligible
| ateral support nmay be provided in the [TEXT IN ORI G NAL M SSI NG

(12) Innurerabl e variations and conbi nati ons of structural designs of
foundati on menbers are possible. Piers may be stepped, tapered or made hollow, footings
and colums may be conmbined in the formof pedestals, etc. It is not possible to
antici pate and give guidance for all such variations. However, the principles outlined
herein may be conbined as needed to fit any situation
(13) Al owable bearing values for shallow footings and sills supported on
wel | -drai ned granul ar nmats nay be based on unfrozen strengths of these materials. The
thi ckness of granul ar naterial between footing and underlying natural soil nust,
however, be sufficient to reduce concentrated stresses on the natural soil to tolerable
| evel s.

(14) Allowable bearing values for footings, rafts and piers supported on frozen
mat eri al s shoul d be determ ned using anal ytical procedures and factors of safety
outlined in TM 5-818- 1/ AFM 88-3, Chapter 7[5] (F.S. = 2.0 for dead | oad plus normal live
|l oad and 1.5 for dead | oad plus maxi mum|live |oad) and the design strength val ues
determ ned as described in paragraph 4-4 for ultimte strength anal ysis, assum ng that
control against degradation of permafrost has been carefully provided in the design
Since nost footings supported on pernmafrost are placed near the top of permafrost where
ground tenperature nmay rise fairly close to 32 deg. F in sunmer and fall, soil design
values within 1 deg. to 3 deg. F of 32 deg. F are usually applicable. Stresses in the
weakest underlying strata nmust be kept within tolerable |evels. Creep deformations
estimated in accordance with paragraph 4-5 nmay al so exert overriding control over
al | owabl e beari ng val ues.

(15) Those of the analytical bearing capacity anal yses presented in TM 5-
818- 1/ AFM 88-3, Chapter 7[5] which are nost typically applicable for frozen materials
are illustrated in figure 4-61, covering shall ow and deep foundati ons.

(16) For conputation of bearing capacity of unfrozen soils and for detailed
general guidance, reference should be made to applicable procedures outlined in TM 5-
818- 1/ AFM 88-3, Chapter 7[5].

(17) Design bearing pressures of 2500, 3000 and 4000 psf on frozen soils have
been used satisfactorily in the designs shown in figures 4-15, 4-16, 4-27, respectively.
A bearing pressure of 12,000 psf has been used satisfactorily on very bouldery till wth
estimated hi ghest soil tenperature at the base of the footing of 25 deg. F, near Thule
AB Greenl and[ 86] .

(18) Settlement of footings on permafrost frompressure nelting or extrusion

of ice fromsoil voids should be assunmed negligi bl e under nornal footing |oadings. A
footing bearing value of 3600 psf, for exanple, corresponds to 25 psi. In terns of
melting point lowering this corresponds to only about 1/40 deg. F. As indicated in
figures 2-12, 2-15 and 4-53, the potential strength and deformation properties of ice
are such that strata of hard, high-density ice in the foundation may exhibit better
bearing characteristics than may frozen soils, especially at tenperatures above about 25
deg. F. However, porous ice may be conpressible.

(19) Design procedure for predicting the resonant frequency and di spl acenment

under vibratory loads is given in EM 1110-345-310[ 20].

(20) Design guidance with respect to other aspects of footing, raft and pier

design are presented in other paragraphs of this manual as foll ows:

Settl enent anal ysis, paragraph 3-4f

Thermal stability analysis and control, paragraph 4-2
Control of nmovenent and distortion fromfreeze and thaw, paragraph 4-3

Esti mati on of creep defornation, paragraph 4-5

b. Illustrative exanples for the design of footings in permafrost.
(1) Steps required for design of footings on permafrost. Deternine required
depth of footing (a above); determ ne the tenperature distribution in the permafrost
with respect to the base of the footing, for the critical period of the year; check the
bearing capacity of a trial footing size in this critical period of the year using
standard soil mechanics theory (a above) with properties of the frozen soil determ ned
by field or |laboratory tests (see chap 3); adjust the footing dinmensions to obtain the
desired factor of safety; and nmake a settlenent analysis. Determne the distribution of
the inposed vertical stress
wi th depth beneath the footing. Conpute the deformation of a free standing colum of
frozen soil, using creep equations and constants obtained fromlaboratory unconfined
conpression creep tests (para 4-5). |If the estimated settlenment is excessive, enlarge
the footing or otherwi se revise the design to reduce the estinmated settlenment to a
tol erabl e anount.
(2) Exanple of design of an isolated square footing.
(a) Assunptions

Per manent structure, 25-year life

Soil conditions as shown in boring log (fig. 4-62)

Properties of the 2-feet-thick organic sandy silt layer (fig. 4-62)

essentially the same as for the underlying sandy silt



Footi ng design of general type shown in figure 4-63

Colum | oad -- 150 tons
Required factor of safety with respect to ultinmate bearing capacity = 2.0

Air space provided between building floor
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[retrieve Figure 4-62. Boring |log and soils condition]

4-96



TM 5- 852- 4/ AFJVAN
32-1087
[retrieve Figure 4-63. Case of isolated square footing]
and ground surface
Mean annual air tenperature (MAT) = 23 deg. F.
Ground tenperature bel ow zone of seasonal variations (at 50 feet, neasured) = 27
deg. F.

Design air thawi ng index, | = 2900

Lengt h of thawi ng season, t = 150 days

Conversion factor for air thawing index to surface thawing index, n = 1.0 for

bui | di ng-shaded area (see table 4-1 and TM 5-852-6), di nmensionless. (Note
that this factor does not apply for the freezing period or for the overall
annual heat exchange.)

(b) Determining required depth of footing. The footing should be founded bel ow
the top of permafrost for stable bearing. To establish this position the depth of
seasonal thaw nmust be determined. |If previous neasurenents of depth of thaw are
avail abl e, these should be used, adjusted if necessary to correspond with the design air
thawi ng i ndex condition. Oherwi se the thaw depth should be determ ned by conputation
usi ng procedures and term nol ogy of TM 5-852-6/ AFM 8819, Chapter 6[14]. As indicated in
TM 5- 852-6; AFM 88-19, Chapter 6 use the equati on,

[retrieve Equati on]
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Aver age t haw season surface tenperature differenti al

nl (1.0) (2900)
VHS+ = -2 = mmemeaaa e = 19.3 (above 32 deg. F) t 150

Initial tenperature differential

V+o+ = MAT - 32 = 23-32 = 9 deg. F (below 32 deg. F)

Fusi on paranmeter [nu] = V+s+

Average volunetric heat capacity, C = [l anbda] +d+ (¢ + 0.75 w/ 100)
For silt: Dry unit weight, [lanbda] +d+ = 85 | b/ft+3+
Moi sture content of soil (percent of dry weight), w = 33 percent
Specific heat of dry soil, ¢ = 0.17. (Average value for near 32
deg. F, TM 5-852-6/ AFM 88-19, Chap 6[14])

C=851[0.17 + 0.75 (33/100] = 35.5 Btu/ft+3+
L = 144 ([l anbda] +d+) (w 100) = 144 (85) (33/100) = 4050 Btu/ft+3+

[l ambda] =0.88 (from TM 5-852- 6/ AFM 88-19, Chap 6, fig 13)
Since the annual thaw zone includes both frozen and unfrozen soil except at the start
and the end of the thaw ng season, an average value of thermal conductivity, K, is the
best approximation for this condition. Select individual K val ues fromfigures 3
and 4 of TM 5-852-6 (they may al so be determ ned by
test). These have been shown in figure 4-62. Then

[retrieve Equati on]

The footing should be founded a foot or nore below the top of the permafrost, depending
on the reliability of the data used in the estimate and the degree of confidence that
the assuned thermal reginme will be maintained. In this case, a depth of 7 feet is used
with a footing design of the general type shown in figure 4-63. Because stresses are
nost intense within about one to one and one-hal f dianmeters bel ow the base of the
footing, as shown in figure 4-64, tenperatures within this depth are nost critical. By
pl aci ng hi gh-bearing value material within the nost critical part of this depth, as
illustrated by the gravel in figure 4-63, design certainty can be increased.

At the perimeter of the building where transition occurs fromthe shaded,

cool er interior surface under the building to the unshaded natural ground surface, the
bui I di ng should cantil ever out beyond the footings or special shading should be provided
for sufficient distance to ensure naintenance of design ground tenperature conditions
under the footings. G ound tenperatures under individual footings should be as nearly
the same as possible in order to obtain uniformsupport. By successfully achieving an n
= 1.0 condition for the actual foundation support area, for the thaw season, the
permafrost table may be expected to becone sonewhat higher under the building than under
adj acent nonshaded areas.

(c) Determining tenperature distribution with depth bel ow base of footing for
critical period of year. G ven that the highest tenperature at the top of pernafrost is
32 deg. F and the permafrost tenperature at a depth below the influence of annua
tenmperature fluctuations is 27 deg. F it is assuned that erection and operation of the
structure does not significantly affect the nean annual tenperature at the latter depth.
Studies of field data show that the tenperature of pernmafrost, T+X+ at depth X bel ow the
pernmafrost table nmay be deternined fromthe expression

[retrieve Equation]
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[retrieve Figure 4-64. Vertical stress at centerline]
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The equation for T+X+ predicts the maxi mumtenperatures occurring at particul ar depths.
These maxi mum tenperatures do not occur sinultaneously but the assunption that they do
is conservative for this situation.

The diffusivity of the sand is greater than that of the silt, which will induce
hi gher tenperatures in the sand |layer than would result if all the soil were silt. An
adj ust nent can be nade for the layered soil condition by using the procedure outlined
below. To determ ne tenperature distribution with depth in the sand, it is necessary to
convert the sand layer to an equivalent silt |ayer. From page 38, TM 5-852-6/AFM 88-19,
Chapter 6[14], the thicknesses are proportional to the square roots of the therm
diffusivities.
[retrieve Equation]
i.e. 1 foot of sand is equivalent to 0.77 foot of silt, as regards tenperature
penetration under transient conditions.
Val ues of T+X+ are conputed for the entire depth of possible interest
assunm ng silt, and depth adjustnments are then applied in the sand | ayer. Conputations
for selected depths are shown in table 4-7 and the tenperature distribution with depth
is illustrated in figure 4-65. For use in settlenment conputations, a sinplified
tenmperature distribution is also shown in the figure

(d) Checking bearing capacity in critical period of year. Use equation

g+tu+ = 1.3c N+c+ + [gamma] D N+q+ + 0. 4[ gamma] B N+[ ganma] +

fromfigure 4-61, using termni nology thereon, or fromTM 5-818-1/ AFM 88-3, Chapter 7[5],
for square footings.

Negl ecting internal friction ([phi] = 0 and NU+[ ganma] + = 0)
g+tu+ = 1.3c N+c+ + [gamma] DNq
From figures 4-61 and 4-62

N+c+ = 5.7
N+g+ = 1.0
[gamma] = 115 | b/ft+3+

D=7 ft (at base of footing)
The cohesion, ¢, of the frozen silt nust be determned fromcreep test data at
about 30 deg. F (average tenperature in the top 2 feet of silt as shown in fig 4-65.)
Take failure cohesion at 25 years.
Unconfined conpressive strength determ ned by conventional |aboratory test is

g+w+ = 450 psi = 32.4 T/ft+2+
Results of |aboratory unconfined conpression creep tests are:

Percent of q+w+ Applied Creep Stress Time of Failure
60 270 psi (19.4 T/ft+2+) t+f+ = 0.027 hr
40 180 psi (13.0 T/ft+2+) t+f+ = 0.24 hr

Usi ng equation 3 (para 4-4):

[ BETA] [ BETA]
[sigm]+ult+ = -----mun--- .
In(t+f+/B Int+f+ - InB
[ BETA]
InB=1Int+f+ - ----cnnc--n--- [sigma] +ul t +
Substituting:
[ BETA]
InB=1n 0.027 - ------
270
and
[ BETA]
InB=1n0.24 - ------
180

Solving for B and [ BETA] and substituting back

1180
[sigm]+ult+ = --------------
Int+f+ = 6.67



For failure tine of 25 years = 2 x 10+5+ hr:

1180
[sigm]+ult+ = --------mmmmmm - = 62.2 ps
In 2 x 10+5+ + 6. 67
62. 2
Cohesion [sigm]+ult+ = ------ =31.1 psi = 2.2 t/ft+2+
2

Si nce the gravel |ayer beneath the footing is a high bearing value material
using D=7 feet for depth of footing m ght be too conservative. However, using D=9
feet at the base of the gravel |ayer m ght not be conservative enough. Therefore, both
values will be checked below to determ ne the effect on indicated capacity.

For D=7 feet, Utimte Bearing Capacity q+u+ = 1.3 ¢ N+c+ + [ ganmmma] DN+qg+

(115) (7) (1.0)
1.3 (2.2) (5.7) + ---cmmmmmnnonns =16.3 + 0.4

g+u+

gtu+ = 16.7 T/ft+2+
4-100
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[retrieve Table 4-7. Conputation of Tenperature Bel ow Top of Permafrost.]
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[retrieve Figure 4-65. Tenperature distribution for permafrost bel ow footing.
Tenperature distribution should be checked by
measurenent (e.g. by thernmocouples if possible.)]
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(115) (9) (1.0)
For D = 9 feet, g+tut+ = 1.3 (2.2) (5.7) + ---------------- =16.3 + 0.5
2000

32-1087

gtu+ = 16.8 T/ft+2+

The difference is not significant and the | ower of the two,
g+u+ = 16.7 T/ft+2+, wll be used.

Total Bearing Capacity = g+u+ x area of footing

Using 4 feet x 4 feet footing
Capacity = 16.7 x (4 x 4) = 267 T.

Total Bearing Capacity 267 Factor of Safety = ---------------
Desi gn Footing Load 150

= 1.78 (< 2).
Therefore use 4-1/2 ft x 4-1/2 ft footing which gives:
Total Bearing Capacity = 16.7 x (4-1/2 x 4-1/2) = 338 T. 338
Factor of Safety = ----- =2.25 (> 2) K
150

(e) Making settlenment estimate. Consider the isolated footing as a point |oad
near the surface of a sem-infinite solid (conservative assunpti on because of depth and
i ncreased bearing area.)

1. Stress distribution. For sinplicity, use Boussinesq s equation for
point load. (See Terzaghi and Peck[198], 2nd Ed., p 271.)
Vertical Stress

3P 1 3(150) 1 71.7
[sigma] +z+ = -----  ----- = ee---- e meee-
2[ pi] zZ+2+ 2[ pi] Z+2+ Z+2+

where z = di stance bel ow base of footing.

The conmputed stress distribution is shown in figure 4-64.
2. Creep settlenent conputation
Assune:

Load P is distributed uniformy over the end of a soil colum wth cross
section equal to the base area of the footing with stress decreasing progressively in
the columm to the depth where the stress is negligible, as indicated in figure 4-66.

Vertical novement is the result of unconfined conpression creep of the frozen
colum of soil directly beneath the footing. (This assunption is on the safe side since
creep-reducing effects of lateral confinement are neglected.)

Total creep novenent is the sumof the creep of all the zones of soil in
the soil col um.

Creep in the conpacted gravel is neglected.

Tenperature distribution is as shown in figure 4-65 and as conputed in table
4-7. (The approximate distribution assunmed for conputation is also shown in fig 4-66.).

The anount of creep deformation can be estimated by the follow ng methods: By
usi ng constants fromtable 4-5 and equation 4 from paragraph 4-5.
By perform ng unconfined conpression creep tests on undisturbed sanples of the

foundation soil and using equation 6 of paragraph 4-5

By performing full scale field test and using equation 6 of paragraph 4-5. The

first method will give a rough estinate. An exanpl e of conputations by
this nethod using values fromtable 4-5 for a silt simlar to the soil under the
footing, at about the sane water content, is shown in table 4-8. Use of a value of 25

years for tine, t, in these conputations is a sinplification and quite conservative in
that it assunes that ground tenperatures remain throughout the year at the sane |evel as
during the "critical period." Since ground tenperatures are somewhat colder during a
consi derabl e portion of the year, it is clear that the length of tinme required to attain
the settlements conputed in table 4-8 (and in table 4-10 as well) is somewhat | onger
than the 25 years. Conputing the settlenment using the col dest tenperatures to be
anticipated during the year (24 deg. F for Zone A, etc.), with all other factors the
sane, results in a 25-yr settlenent of 0.2 in., 1/5 that deternmined in table 4-8.

The second nmet hod gives a nore accurate prediction for the specific case. The
unconfi ned conpression creep tests should be perforned at the design stress |evel and at



the predicted tenperature of the foundation soil. A plot of unconfined conpression
creep test results for a silt at 29.5 deg. F under applied stress of 50 psi (3.6
T/ft+2+) and a sanple conputation are shown in figure 4-67 (for Zone B)

Usi ng equation 6 and the data fromthe test, the relationship between strain and
ti me becones, for Zone B

Strain, [epsilon] = 4.55 x 10+ -4+ [t+0.099+- 1] + 0.00051

A simlar relationship must be obtained by tests performed on soil from each zone
in the "soil colum" beneath the footing for the critical tenperature and the stress
condi tions that exist.

The sum of the deformations fromall the zones for a given tine wll
constitute the estimate of the total settlenent.

For denonstration purposes assune time, t = 25 yr
[approxi mately] 2 x 10+5+ hr
Zone A, Strain, [epsilon] = 4.55 x 10+ -5+ + 6.68 x 10+ -5+ = 8.84 x 10+ -5+
Creep test not performed on Zone C at required tenperature; strain data
interpolated froma general fornmula and average values to conpl ete exanpl e.
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Def or mat i on

Zone A, 0.0313 x 2 ft = 0.0626 ft
Zone B, 0.00158 x 3 ft = 0.0047 ft
Zone C, 0.0000884 x 6 ft = 0. 0005 ft

TOTAL
Say 1 in., at end of 25 years.

0.0678 ft = 0.81

The details for the field test of the third method are given in paragraph 45.

Actual data for a field test under the conditions assunmed in this exanple are not
avai l able. As indicated in paragraph 4-5, the various requirements for the field test
make this approach difficult to enploy and the designer will generally have to rely on
| aboratory unconfined conpression creep tests in estimating creep defornmation

(3) Exanple of design of a uniformy |oaded square raft foundation. Assunptions:

assune the sane soil conditions as shown in figure 4-62 and

a foundation of the general type shown in figure 4-68.

Determ ning required depth of base of raft. The analysis is the sane as for
the isolated square footing in the precedi ng exanpl e.

Determ ning the tenperature distribution with depth bel ow foundation for
critical period of year. The analysis is the same as for the isolated square footing in
the precedi ng exanpl e

Checki ng bearing capacity in critical period of year

[retrieve Figure 4-66. Conditions for creep analysis.]
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[retrieve Table 4-8. Settlenent Conputations]
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[retrieve Figure 4-67. Unconfined conpression creep test -- data for Zone B. Specinen
No. HAS-83. Applied stress 50 psi. Test tenperature 29.5 deg
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[retrieve Figure 4-68. Conditions for bearing capacity analysis of square raft]

g+tu+ = 1.3 ¢ Ntc+ + [ganmma] D N+gq+ + 0.4 [gamm] B N gammg]
The value of "c" varies at different depths with the soil tenperature and the soil type.
A failure surface can be assuned as shown in figure 4-68 and a "wei ghted" value for "c"
used, e.g.
[retrieve Equation]
A conservative procedure is to use the snallest cohesion of the soil zones invol ved.
Negl ecting internal friction (N+[gamma]+ = 0)

N+c+ = 5.7
N+g+ = 1.0
D=7
115 (7) (1.0)
g+tu+ = 1.3 ¢ (5.7) + --------nn---
2000
g+u+ = 7.41 c + 0.40
Usi ng cohesive stress of 2.0 T/ft+2+ for silt at 30 deg. F (fromtable 4-4 in
paragraph 4-4, neglecting safety factor):
g+u+ =  7.41 (2.0) +/- 0.40 = 14.82 + 0.40 = 15.22 T/ft+2+
15.22 (30 x 30)
FS = comeimiaaooo 7.61 (> 2)
2(30 x 30)

Maki ng creep settlenent estimate. Using charts from TM 5-818-1[5] for uniform
| oad (based on Boussi nesq equations) the stress distribution beneath the centerline of
the footing ([sigm]+Z+) is tabulated in table 4-9 and shown in figure 4-69 ([signma]+Z+)
= increase in the stress in the soil--neglect weight of soil).
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Table 4-9. Stress Distribution Beneath the Uniformy Loaded Area.
Loaded Area

a. Under center, b =15 ft. ------cmommmmmoo

z
Dept h bel ow b f(mn) Stress, T/ft+2+
footing, ft z from chart [sigma] +z+ = 4xf(mn) x 2T/ft+2+
60 0.25 0. 027 0.22
50 0.30 0. 038 0.30
42.8 0.35 0. 048 0. 38
37.5 0. 40 0. 06 0. 48
33.3 0. 45 0.072 0.58
30.0 0.5 0. 084 0.67
20.0 0.75 0.136 1.09
15.0 1.0 0.175 1.40
10.0 1.5 0.216 1.73
7.5 2.0 0. 232 1.86
6.0 2.5 0.24 1.92
4.28 3.5 0. 245 1.96
3.75 4.0 0. 247 2.00
b. Under corner, b =30 ft. -----------------------
z
Dept h bel ow b f(mn) Stress, T/ft+2+
footing, ft z from chart [sigma] +z+ = 4xf(mn) x 2T/ft+2+
60 0.5 0. 085 0.17
50 0.6 0. 107 0.21
42.8 0.7 0.128 0.25
37.5 0.8 0. 146 0.29
33.3 0.9 0. 162 0.32
30.0 1.0 0.175 0.35
20.0 1.5 0. 216 0. 43
15.0 2.0 0. 232 0. 46
10.0 3.0 0. 244 0. 49
7.5 4.0 0. 247 0. 49
6.0 5.0 0. 248 0.50
4.28 7.0 0. 250 0.50
3.75 8.0 0. 250 0.50

U.S. Arny Corps of Engineers
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[retrieve Figure 4-69. Frozen soil columm -- diagranms of tenperature and stress

di stribution.]

Creep settlement deformations are conputed using the stress and tenperature
di stributions shown in figure 4-69. The height of the columm of soil to be analyzed is
determ ned by the stress and tenperature distributions. The height of the colum is
assuned to extend to a depth where the magnitude of the stress is so small that the
contribution to creep deformation bel ow this point can be neglected. The cross-
sectional area of the soil colum is taken as the |load area (i.e., the area of the
footing). The colum of soil used in the settlenent estimate is shown in figure 4-69
The computed tenperature distribution fromtable 4-7 and the conputed stress
di stribution below the center of the foundation fromtable 4-9 are shown as snooth
curves in figure 4-69. The rectangul ar shaded areas represent the approximate stress
and tenperature distributions used in the settlenment conputations. Table 4-10 shows the
detail ed conputations for the settlenents at the center and at the corner of the
foundation at the end of 25 years, assunming it is flexible. |If this differentia
settlenent is not tolerable it will be necessary to increase the area of the footing or
change the configuration or type of foundation. O course, the revised design wl
require repetition of the settlenent conputations.
4-8. Piling.
a. GCeneral. Piling offers nany advantages where construction is on frost-
suscepti bl e foundation soils in areas of deep seasonal frost penetration or pernmafrost
with high ice content[134]. Pile foundations can be constructed with m ni mum
di sturbance to the thernal reginme and can isolate the structure fromthe seasonal heave
and subsi dence novenents of the annual frost zone and fromat |least |imted degradation
of the permafrost. The structure load is transferred by the pile to depths where soi
supporting strength remains relatively stable through the life of the structure.
Ceneral information on engineering and design of pile structures and foundations is
contained in EM 1110-2-2906[ 20] and TM 5818- 1/ AFM 88-3, Chapter 7[5], and the references
cited therein
b. Pile types. Pile materials may be tinber, concrete, or steel. Conposite
piles may be profitably used to pro-
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[retrieve Table 4-10. Settlenment Conputations]
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vide a large surface area and hol ding capacity within the permafrost but with a smal
circunference and area exposed to heaving forces within the annual frost zone.
Composite piles enploying wood as either the upper or |ower nmenber are not recomended
unl ess there is no possibility that frost heave forces will act on the pile, because of
the difficulty of providing a joint capable of resisting high tension forces under the
effects of heaving. The type of pile selected will depend on initial costs, shipping
costs, installation nethod, |oad |levels, resistance to corrosion, difficulty in splicing
or cost and difficulty of providing installation equipnent, |abor availability and other
factors. Displacenent piles, which densify or force aside a relatively |arge vol une of
soil as they are driven, can be used only in thawed soils.

(16) Tinber piles. Tinber piles are normally | ess expensive than other types,
easy to handle and normally readily available in lengths from30 to 70 feet. Ti nber
piles frozen into saturated pernafrost soils are durable for centuries. Their
structural characteristics are discussed in paragraph 2-6. The naxi mum al | owabl e
average conpressive stresses on the cross section of round or square tinber piles are
given in TM 5-818- 1/ AFM 88-3, Chapter 7[5].

(2) Steel piles. Hpiles and pipe piles are the npost useful types of stee
pi |l es, although box sections and angl es have been used. Pipe or shell piles filled with
concrete or sand nay be used in sonme designs to provide high | oad capacity. Pipe piles
that are capped or closed-ended at the bottom may be installed in premade hol es but
cannot be driven in permafrost as displacenent piles. Open-ended steel pipe and Hpiles
can be driven in great lengths, can be readily cut off or made | onger and can carry high
| oads. The average conpressive stress on steel pipe and H piles under the design | oad
shoul d not exceed 9000 psi[120]. For steel shells less than 1/10 in. in thickness, no
contribution to bearing capacity fromthe shell should be credited. For steel shells
1/ 10 inch thick or greater, stress should not exceed 9000 psi[120]. Laboratory
i nvestigations should be made of the soils and water to which steel piles will be
exposed to determne if corrosion will be a probleni183, 184]. |If corrosion protection
is required, steel piles should be protected by a coal-tar preservative over a |ead
based primer fromthe pile cap to not nore than 5 feet bel ow the |ong term permafrost
table. No corrosion protection is required, nor should it be used, below the latter
depth in frozen soils. Reduction of the potential adfreeze bond nay be expected as a
result of shear failure in the coatings applied to the pile surface[23]. Any portion so
coat ed extendi ng bel ow the permafrost table should be discounted in conputing bearing
capacity or frost heave resistance

(3) Concrete piles.

(a) Concrete piles should not be used under conditions where frost heave forces
may produce tensile stresses sufficient to crack the piles and expose the reinforcing
steel to corrosion. Steel in lightly reinforced and lightly |oaded concrete piles may
be stretched and substantially by frost heave forces, causing nultiple cracking. The
upward forces may be doubl e the design | oadi ngs, causing conplete stress reversal
Therefore, if the piles will be subject to heave forces, careful analysis should be made
to insure that the ampunt of reinforcing steel in conbination with structural loading is
sufficient to prevent cracking. Pretensioned precast piles may be advant ageous.

(b) Cast-in-place concrete piles should not in general be used in pernafrost
because of the hazards of either thawi ng the permafrost or freezing of the concrete.
When such piles may be required in special cases, approval of HQDA (DAEN-ECE-G, WASH DC
20314 or HQUSAF/ PREE, WASH, DC shoul d be obtained based on field test evidence.

(c) The average conpressive stress on any cross section of a pile should be in
accordance with requirements in TM 5-818-1/ AFM 88-3, Chapter 7[5].

(d) Precast piles may be round, square, nultisided or double T s. Handling,
transporting and cutoff of concrete piles nay be relatively expensive.

(4) Special types of piles.

(a) To assist freezeback at tinme of installation and to increase the

degree of thermal stability under service conditions during period of bel owfreezing

weat her, several special types of netal pipe piles may be considered. Such piles, called
as a group thermal piles, including self-refrigerated piles, serve not only to carry
structural |oads, but also to renpbve heat fromthe ground

surroundi ng the enbedded portion of the pile, and nove it upward to the surface where it
is dissipated to the atnosphere. |In sonme cases only the heat renpval function may be
needed.

(b) In the two-phase system whi ch operates on an evaporation-condensation
cycl e, analogous to a steam heating systemw th gravity condensate return, the pile is
charged with propane, carbon dioxide or other suitable evaporative material[187].
Evaporation of this material by heat flow fromthe ground and its condensation in the
portion of the pile exposed to cold winter tenperatures above the ground surface
provi des the heat transfer nmechanism Finned radiation surfaces are commonly enpl oyed
above ground. Condensate returns by gravity to the liquid reservoir at the | ower end of
the pile

(c) In the single-phase systemor liquid convection cell, analogous to a
gravity hot water heating system the pile is completely filled with a suitable



nonfreezing fluid, and heat is noved upward fromthe ground by a natural circulation
i nduced by a density gradient of fluid resulting fromthe tenperature dif-
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ference between the exposed top and the enbedded bottom of the pile in w nter[145].

(d) Both the above systens are self-initiating systenms. They automatically
cease operation when air tenperatures becone warmer than those around the | ower part of
the pile. They are intended to require no operating attention once properly installed.
Pat ents have been obtained for proprietary systens in both areas.

(e) Inafluid forced circul ati on system analogous to a circul ated hot water
heating system a punp is used to circulate a nonfreezing liquid or gas through the pile
and through a surface heat exchanger exposed to the atnosphere in winter, or through a
mechani cal ly refrigerated heat exchanger w thout regard to season. The refrigerated
fluid is usually introduced at the bottom of the pile through a central inner pipe and
then flows upward in contact with the inner wall of the pile. The sanme objective may be
gained by circulation of refrigerated fluid through tubing attached to the exterior of
the pile for artificial freezeback as described in d (3) below. The refrigeration may
be temporary for the purpose of achieving initial freezeback during construction or nay
be permanent where required by the design thermal conditions. Direct circulation of
cold winter air through a pipe pile by a sinple fan has been shown to be very effective
in principle[82], but it is possible the circulation may be rapidly bl ocked by frost
accunmul ation if the systemis under unfavorable conditions; this alternative is
therefore not recommended for permanent construction in the present state-of-the-art.

(f) Thermal piles which depend on seasonal dissipation of heat to the cold
winter air may be expected to show a tenperature drop effect to about 8 to 10 feet
radius by the tine above-freezing air tenperatures arrive in the spring. At least a
smal | depression of ground tenperature should remain through the fall fromthis effect,
in order for the piles to achieve their |ong range purpose. Piles which use artificia
refrigeration can keep the ground refrigerated in all seasons.

(g) An essential requirement of all closed systemthernal piles is freedom from
| eakage. Leakage of liquid containing antifreeze nay seriously and permanently degrade
the adfreeze bond strength of the pile. Leakage of gas through fittings, welds or
porous netal may quickly make the systeminoperative. All such installations nust
therefore be very carefully pressure tested to detect any |eakage. Al thermal pile
units using liquefied petroleum products nmust be constructed to neet the standards of
the National Fire Protection Associati on NFPA 58-1979 Standard for the Storage and
Handl i ng of Liquefied Petrol eum Gases and the ASME Section VIII1-1977 Pressure Vessels
Division 1. Methods of conputing heat transfer by thermal piles arc presented in e
bel ow.

c. Pile enplacenment nethods. Many of the earlier foundations in pernafrost

used |l ocal tinmber, installed in steamor water-thawed holes to depths which rarely
exceeded 20 feet. Normally the piles were pushed or lightly driven into the pre-thawed
hol es. They often required restraint to prevent flotation. Pile Iength and spacing
tended to be dictated by structural requirements of the building rather than by pile
bearing capacity or by the ability of the permafrost to accept the heat introduced

during the installation. Pile installation techniques now utilize nodern drilling or
driving techniques and effectively mnimze permafrost thermal disturbance.

Installation nmethods are determ ned by ground tenperatures, the type of soil, the

requi red depth or enmbednment, the type of pile, and the difficulty and cost of nobilizing
the required equi prent and personnel at the site. Installation nethods which may be

considered are as follows:
(1) Installation in dry augered hol es.

(a) Holes for the piles may be drilled in permafrost by using earth augers with
bits specially designed for frozen ground[37, 74, 80, 133, 211]. Two-feetdi aneter holes
can be advanced at rates up to about 1 ft/min in frozen silt or clay depending on type
of bit, ground tenperature and size of equipment. Holes up to 4 feet or nobre in

di ameter can be drilled readily in such soil. Advantages include m nimumrequired
effort and equi pnent, accurate positioning and alignnment, and accurate control of hole
di nensions and therefore of heat input into the permafrost. Drilling is easily carried

out under winter conditions when the frozen ground surface pernmts ready nobility,
wi t hout the problens of
handl i ng water or steamunder freezing air tenperatures. However, the method is not
likely to be feasible in coarse, bouldery frozen soils. The holes may be drilled
under si ze and wood or pipe piles may be driven into the holes. However, nore comonly
the holes are drilled oversize and soil-water slurry is placed in the annul ar space
around the pile and allowed to freeze back as described bel ow.

(b) The mixture of soil and water (slurry) used to fill the annul us
bet ween augered hole and pile can often transfer the inposed pile loads to the
surroundi ng frozen soil nore effectively than the original in-situ soils. The auger-
slurry method is easily adapted to production nethods--the auger followed by a pile-
pl acing crane, followed by a slurry crew. |If surface water is not entering the augered
hol es which would require relatively quick action, they may
be covered with plywood, or by other methods, until pile placenent is convenient. This
will pernmit each crew to work independently. Silt fromborrow or fromthe pile hole
excavation can be used for the slurry, as well as gravelly sand, sand or silty
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sand. Clays are difficult to mix and place and do not achieve good adfreeze strength
val ues. Gavel, unsaturated soils or only water (ice) should not be used for backfill
Concrete should not be used to backfill around piles in drilled or augered holes in
permanently frozen ground. Organic matter (peat) should not be pernmitted in the
materi al used for preparation of the slurry. Strength and creep properties of slurries
are discussed in nore detail in f (1) bel ow

(c) Slurries are nornally prepared in portable concrete nixers by addi ng
sufficient water to bring the slurry within a prescribed range of water content. The m x
wat er tenperature may be warm or even heated when using frozen cuttings. Wen thawed
borrow material is used water is chilled by the addition of snow and/or ice. Wen
m xed, slurry tenperature should under no circunstances exceed 40 deg. F. The slurry
shoul d have the consistency of 6 inches slunp concrete, the consistency being specified
and nonitored by field inspectors using a calibrated container fromwhich the acceptable
range of wet unit weights can be quickly deternmined. Nornmally the nixing crew can
reproduce the desired consistency quite easily after establishing the appearance and
viscosity during the first or second batch. Methods for control of conponents may be
simlar to those used in concrete batching. Based on past experience, continuous
i nspection of the m xing operation should be nade to insure that no nore water than
necessary to saturate the soil and to produce the desired consistency of the slurry is
used and that tenperature of the nix is kept |ow

(d) The slurry is normally placed by direct backfilling by wheel barrow on snal
jobs or by the use of concrete buckets with cranes on large jobs. Trenie pipes or
di rect punping may be advant ageously used on sone jobs but during cold weather
operations are often a source of mmjor trouble because of freezing. Normally the pile
after being centered and plunbed in the hole is backfilled with the slurry in one

continuous operation. It is very inportant that the material be vibrated with a small
di aneter concrete spud vibrator and rodded to ensure that there are no bridging and no
voids | eft along the pile, which can often happen when backfilling around cylindrica

piles, especially if treme pipe is not used. Care should be taken during placenment of
the slurry to avoid noving or bending the pile by placing the slurry too fast fromonly
one side. Small formvibrators may also be attached directly to the pile to aid in
uni form fl ow around the pile during backfilling and to hasten consolidation of the
backfill. Rapping the sides of the pile with a sl edge hammer al so aids the backfilling
and consolidation

(e) Tinber piles quite often float or rise up when backfilled with siltwater
slurries and nust be restrained or weighted. Anchoring tinber piles may al so be

acconpl i shed by backfilling only a portion of the hole depth and permitting the | ower
portion to freeze back before conpleting the backfill. Care nust be taken not to coat
the pile or hole wall with the slurry above the |level of the backfill since it wll
freeze in place, and tend to prevent conplete filling of the voids when the final lift
is placed later. To avoid flotation no additional slurry backfill should be placed
around the pile until the pile has frozen solidly in place.

(f) Backfilling may al so be acconplished by filling the hole with siltwater

slurry, just prior to placing the pile, sufficiently to bring the slurry to the surface
when the pile is inserted to proper depth. Piles thus placed are nore difficult to

pl unb and position but when such factors are not critical this method is nuch faster

H piles are easily placed by this nmethod; tinber and cl osed-end pipe piles have a strong
tendency to float. Such prior backfilling of holes should not be attenpted when using
sand backfills unless the piles are to be driven into the unfrozen slurry.

(g) Normally no attenpt is made to conpletely clean or to bell the bottom of
augered hol es, sone | oose cuttings always remaining. Bottom portions of holes drilled
too deep can be backfilled as necessary with sand or gravel slurry while the pile is
suspended in the hole. The pile may be dropped a short distance to conpact the cuttings
or backfill. Piles (except Hpiles) should not be placed closer than 1 inch to the
wal | s of augered or drilled holes.

(h) To mnimze the anbunt of heat to be introduced into the ground by the
slurry, the annular space is made only just |large enough to allow the slurry to be
efficiently placed and vibrated with a small dianmeter concrete vibrator
Vibration is needed to insure that the space will be conpletely filled without air
entrapnent. Except for Hpiles, a mninumof about 3 inches oversize in dianeter is
required to permt use of a 1-inch-dianmeter vibrator in the annular space. Additiona
al l owance is usually nade because of the difficulty of achieving exact centering of the
pile in the hole and because of pile irregularities such as |lack of straightness. A
hole size 4 to 6 inches larger than the pile dianeter commonly has been used, but it
shoul d be kept as small as practical for the particular situation.

(2) Installation in bored holes. Holes for the piles nmay al so be nmade by

rotary or churn drilling, or even by drive coring under sone conditions, using various
bits, drive barrels, etc., and renpving frozen materials with air, water and/or
mechani cal systens[55, 74, 153]. Procedures are otherw se the same as for dry augered
hol es. By proper selection of equipnent, any type of frozen ground nmay be handl ed. Use



of water or warmair for renoval of cuttings may introduce undesirable quantities of
heat into the permafrost and nmust be carefully controll ed.
(3) Installation by driving.
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(a) Conventional or nodified pile driving procedures including diesel and
vi bratory hamrers may be used to drive open-ended steel pipe and H section to depths up
to 50 or nore feet in frozen ground conposed of silty sand or finergrained soils, at
ground tenperatures above about 25 deg. F[48, 49, 55, 74, 169]. Sone experience
i ndi cates that, under favorable conditions, heavy pipe and Hsections can be driven into
ground at | ower tenperatures, as described in paragraph 2-6. Although the pile is
heated by the driving action and a thin zone of soil may be thawed at the soil/pile
interface, the anobunt of heat thus introduced into the permafrost is usually negligibly
smal |l and freezeback is normally conplete within 15 to 30 minutes after conpl etion of
driving. Because no drilling of pile holes is required, because no slurrying is
i nvol ved, and because total installation equipment can be mininmal, this installation
techni que can be even sinpler than the dry augered hol e techni que. However, the
procedure is limted to steel pipe and Hpiles, and it is necessary to nake certain that
sufficient driving energy is available to reach the depths of penetrati on needed for
bearing and to resist frost heave. Tenplates should be used to assure accurate
pl acement of piles.

(b) The smallest H section to be considered for driving in frozen soil should
normal |y not be smaller than 10BP42 and the rated hamrer energy should not be |ess than
25,000 ft-Ib. Wen piles are driven with conventional or vibratory hammers, advance
shoul d be continuous, since there is a negligible amunt of heat evol ved, and stops
| onger than 5-10 minutes can pernit freezeback to the extent that resunption of driving
will be inmpossible, or possible only after a prolonged period of heavy driving.
Necessity for stops to weld on additional |engths should be avoi ded. The use of
chemicals, jetting or steaning should not be pernmitted during driving although the pile
may be preheated (particularly lower half) as it enters the ground to mininize side
friction during pile penetration

(4) Installation by steamor water thawing. Until the early 1950's, piles
were traditionally installed in permafrost by prethawi ng the ground at the pile
| ocati ons by steam points before driving. An alternative was water thaw ng. However
these techni ques have the disadvantage of introducing so much heat into the ground that
freezeback may be al nost indefinitely delayed. This involves not only the vol une of
permafrost thawed by the steamor water, which is difficult to control, but also the
warnmi ng of a |arge volune of surrounding frozen material. The result may be failure to
devel op adequat e bearing capacity and/ or progressive working of the piles out of the
ground by frost heave wi th consequent damage to supported structures. Many such
failures have occurred. Therefore, steamor water thawi ng should not be used in any
area where the nmean annual permafrost tenperature is greater than 20 deg. F and nmay be
used in colder heat input into the ground if alternative nmethods of installation are not
f easi bl e.

d. Freezeback of conventional piles.

(1) CGeneral

(a) Piles and anchors in permanently frozen ground attain their holding
capacities only after they are frozen solidly in place. Pile-supporting capacity in
permafrost is dependent primarily on the strength of the adfreeze bond between the
permafrost and the pile surface. The strength of the bond is a function of tenperature
and is at its |lowest and nost critical value in the fall and early w nter when
permafrost tenperatures at the levels in which the piles are supported are at their
warnest. Therefore, any unnecessary transferral of heat fromthe structure to the
foundation will tend to have an adverse effect on the supporting capacity. In far
northern areas the reserves of supporting capacity and stability may be so | arge that
smal | variations in heat input to the foundation will be of little consequence; in
mar gi nal permafrost areas, however, the effect of even small unanticipated heat inputs
may be extrenely critical

(b) Freezeback of slurry or otherw se thawed soil surrounding piles nust
be assured before inposing any | oad upon the pile. Thus, in addition to the tine
required to install the pile, the construction schedul e depends on the tine required for

freezeback of the pile. |If foundation piles are installed well in advance of the
structural construction or if the permafrost tenperature is well below freezing, there
may be adequate tine available for natural freezeback by permafrost. |If the

construction tinme is short and the work is to be continuous or if the permafrost
tenmperature is warm use of artificial refrigeration or thermal piles may be required.
Thus, the foundation thermal conditions may

determ ne both the design and the method of construction to be enpl oyed.

(c) In order to neasure the rate and effectiveness of freezeback of slurried
piles, and to permt nonitoring of subsequent foundation performance, thernmocouple or
therm stor assenblies should be attached to representative piles or therm stor
assenbl i es should be attached to representative piles in the foundation. Wen
artificial freezeback is enployed using tubing attached to the pile exterior, the
tenperature sensors should be placed m dway between tubes where freezeback will be
| ongest del ayed. A control thernocouple assenbly installed at an adj acent undi sturbed



area and in equilibriumw th the ground tenperatures is essential for conparison with
tenmperatures at the piles. To avoid conflicts all nonitoring equi pment shoul d be
provi ded, installed and observed by the Governnent.

(d) Since fine-grained soils tend to freeze or thaw at tenperature |evels
depressed bel ow 32 deg. F,
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theoretical conmputations of freezeback and pile spacing involving such materials should
use the actual freezing or thawi ng tenperatures, rather than 32 deg. F. This is
especially inmportant when normal permafrost tenperatures exceed about 29 deg. F to 30
deg. F. If either the slurry nmaterial or the permafrost is other than silt, sand or
gravel in which practically all the noisture freezes at the nucleation tenperature, the
volunmetric |latent heat of the slurry and/or the volunetric heat capacity of the
permafrost within the range of the placenent, freezeback, and thernmal adjustment
tenmperatures will have to be determ ned by test. The freezing characteristics of the
soil can be ascertained in the |aboratory by generating a cooling curve with time[160]
or by calorinmetry; they can also be inferred from study of natural in-ground
temperatures during seasonal freeze-thaw flux. In inportant projects, test piles
instrumented with thernocouples or other tenperature indicating devices should be used
to verify the freezeback potential of the pernmafrost prior to actual construction
Si nce test conditions can seldombe identical with the actual construction ground
tenmperatures, the results nmust usually be analytically transforned to the construction
condi tions
(2) Natural freezeback

(a) Soil-water slurries placed in drilled or augered hol es introduce heat,
which in natural freezeback is conducted into the surrounding permafrost. The heat
content of the water, soil, and pile can be conputed, if the water content and dry unit
wei ght of the slurry are known or deternined by experinment. Slurry placed at
tenmperatures from 32 deg. F to 40 deg. F, under nornal conditions, has a total heat
content above 32 deg. F of less than 200 Btu/ft+3+; this is snmall enough to be nerely
approxi mated and added to the |atent heat in the conputation procedures outlined bel ow

(b) The latent heat per foot of pile length is conputed by the equations shown
in figure 4-70. Note that the latent heat is governed only by the volunme of slurry, the
water content (w) and dry unit weight (d). Thus, the heat input into the permafrost can
be minimzed by control of the dinensions of the annulus (which is also a function of
the type of pile) and by selection and control of the slurry. Sinple conparisons of the
amount of latent heat per unit volune of slurry can be nmade using the follow ng
equation, assuning all the water freezes:

[retrieve Figure 4-70. Latent heat of slurry backfill]
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Q=L w[ganmg] +d+ (Equation 8)
wher e
L = latent heat, 144 Btu/lb of water
w = water content, expressed as deci na
[ gamma] +d+= dry wei ght, |b/ft+3+

Exanpl es are as foll ows:

For w = 80% [ganma]+d+ = 53, Q = 144 (0.80)(53) = 6100 Btu/ft+3+ For w = 40%
[ganma] +d+ = 80, Q = 144 (0.40)(80) = 460 Btu/ft+3+ For w = 19% [ganma]+d+ =
109, Q = 144 (0.19)(109) = 3140 Btu/ft+3+

(c) Thus, a silt slurry or one with an excess of water may introduce
consi derably nore heat than a sand slurry or one in which the amount of water is
carefully controlled

(d) Wen the slurry noisture content is carefully controlled, the slurry wll
retain relatively uniformcharacteristics after freezing. However, if the slurry has an
excess of water, consolidation of the soil conponent may result in separation of excess
water fromthe slurry. Even while freezeback is proceeding inward fromthe wall of the
hol e, bridging of the soil in the relatively narrow annul ar space may result in
formati on of essentially soil-free slugs of water between nasses of consolidated slurry.
Because of their high heat content, the water inclusions will freeze back nore slowy
than the consolidated slurry. [|f the water inclusions occur within the annual thaw
zone, they may thaw and escape to the surface in subsequent seasonal thaw ng, even
though frozen initially, and settlenment of the overlying slurry may then occur

requi ring backfilling of the resulting depression around the pile.
(e) Freezeback of slurry proceeds prinmarily fromthe wall of the hole
inward toward the pile. |If the pile itself is below freezing tenperature, freezing nay

al so occur fromthe pile surface outward, particularly if the pile is a pipe type open
at the surface to admit air at |ow tenperatures. Wen the slurry is conposed of frost-
susceptible fine-grained soil, multiple small ice lenses will formduring freezeback
these are oriented vertically, parallel to the wall of the hole. An annular |ayer of
ice nornmally forms at the contact between the slurry and the wall of the hole, sonetines
as nmuch as an inch thick; this has no significant effect upon the pile bearing capacity.
A simlar layer of ice may also formon the surface of the pile; because the ability of
the material at this contact surface to endure tangential shear stresses is controlling
in determning all owabl e pile bearing capacity, the occurrence of such an ice |ayer nay
be significant. |If piles of any type are placed during below freezing air tenperatures
by the slurry nethod it should be assuned, unless evidence can be presented to the
contrary, that an ice layer, however thin, will formon the surface of the pile. In
such cases it will be necessary to assune allowabl e tangential adfreeze bond stress
correspondi ng to whichever is the weaker, under the critical pernmafrost design
tenmperature, of pure ice or consolidated slurry. (For further discussion of strength of
ice vs strength of frozen soil, see(l) below.) This problemwll not arise when piles
are installed in permafrost by driving

(f) Wile it my be possible to avoid formation of an ice layer on the

pile during installation at |ow tenperatures by use of non-frost-susceptible slurry a
nurmber of problenms may cause difficulty in achieving this result. In the first place, a
slurry conforming to the comon definition of non-frostsusceptible material presented in
TM 5-818-2[6] is not necessarily conpletely non-frost-susceptible. That criterion
assunmes that a certain low | evel of frost susceptibility is tolerable in pavenent
applications and is based upon freezing rates experienced under paverments. Validity of
the criterion for slurry freezeback conditions has not been investigated. Al so, under
field conditions it may be difficult to insure that some contamination with fines may
not occur from contact of the above-freezing slurry with the wall of the drilled hole,

or from other sources

(g) Sone test pits nmade around piles which have been in place a year or
nore have shown a layer of ice on the pile extending fromthe ground surface through the
annual thaw zone, attributed to segregated freezing of seasonally thawed noisture. Such
an ice layer limted to the annual thaw zone is not significant in ternms of the pile
bearing capacity.

(h) Measurenents on 8-inch steel pipe piles exposed to the atnosphere and
sunl i ght above the ground in a region of borderline permafrost have shown that thaw ng
may typically reach several inches below the top of pernmafrost inmedi ately adjacent to
the pile surface at a |location where the permafrost table is 3.8 feet bel ow the ground
surface. An additional few inches may have especially |ow tangential adfreeze bond
strengths. Therefore, the assuned effective length of enbednment in permafrost of al
properly installed darksurfaced piles exposed to sunlight should be reduced by a nom na



15 inches. No reduction is required for piles conpletely shaded, shielded, or painted a
highly reflective white, regardl ess of type of pile. For piles inproperly installed, as
by uncontroll ed steam thawi ng, no valid guidance can be given.

(i) Know edge of ground tenperature with depth is essential to estimate the
freezeback time and overall effect of the installation on the permafrost. Plots show ng
seasonal variation of depths of isotherns in the ground or plots of tenperature with
depth nay be used to select the optimuminstallation period for rapid freezeback.

Avai | abl e net hods of conputing natural freezeback of piles in permafrost assune the
slurried pile to be a finite cylindrical heat source inside a seni-
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infinite nmedium wth a suddenly applied constant tenperature (32 deg. F) source which
di ssipates heat only in a radial direction into frozen ground of a known initia
tenmperature[ 14, 134]. The general solution for the natural freezeback problem based
upon | atent heat content of the slurry, is shown in figure 4-71

(j) To determine the tinme required for freezeback at different pernafrost
tenmperatures, it is easier to use a specific solution sinilar to that shown in figure 4-
72, prepared fromthe general solution. The specific solution is computed using the
known or estimated thermal conductivity and volunetric heat capacity of the pernafrost
and the dianeter of the hole to be used. As previously noted, allowance for any heat
content of the slurry above 32 deg. F may be made with sufficient accuracy by addi ng
this heat content to the volunetric latent heat, @ this assunes that the placenment
tenmperature of the slurry is controlled bel ow about 40 deg. F. The specific solution in
figure 4-72 clearly denonstrates the effect of latent heat of slurry and initial
permafrost tenperature on the time required for freezeback
Whil e not specifically shown in figure 4-72, nonths nmay be required to freeze back
slurries of 10,000 Btu/ft+3+ or nore volunetric heat capacity at pernmafrost tenperatures
between 30 deg. and 32 deg. F. Under otherw se identical conditions, a sand-water
slurry in 28 deg. F pernmafrost could freeze back in 2 or 3 days while a siltwater slurry
woul d take 10 to 11 days; however, in 31.5 deg. F permafrost, a freezeback tinme of about
16 days woul d be required for the sane sand-water slurry and about 130 days for the sane
silt-water slurry. Thus, for given pile spacings careful selection of the pile type,
hole size, slurry material, and installation season, plus careful control of water
content, can substantially reduce the anpbunt of heat which nust be absorbed by the
permafrost and the tine required for freezeback
(k) The preceding general and specific solutions

[retrieve Figure 4-71. General solution of slurry freezeback rate]
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[retrieve Figure 4-72. Specific solution of slurry freezeback rate]

assunme the slurry heat to be conducted only in a horizontal radial direction. The actua
heat paths during sumer and winter are approximately as shown in figure 4-73. However,
whil e freezeback tine may be increased or decreased by deviations of heat flow fromthe
hori zontal, and adjustment of the assuned "effective" tenperature of the permafrost may
someti nes be necessary to allow for this effect, the increase in freezeback tine which
may be caused by proximity between adjacent piles is a nore donmi nant consideration ((4)
bel ow), everything el se being equal
(3) Artificial freezeback

(a) Wen ground tenperatures are too warm or the anmount of heat introduced is
too great to acconplish natural freezeback of slurry within the planned construction
period, artificial refrigeration nust be used to acconplish the desired freezing of the
backfill. The artificial freezing may be acconplished by circulation of refrigerating
fluid through | ongitudinal or spiral steel or copper tubing attached to the pile, or by
use of thermal piles as described in e below Brine or glycol solutions and anbient air
have all been used as the circulating fluid. However, the use of propane or other
refrigerants of simlar characteristics has been found to be the nost efficient and
economical . Propane has the disadvantage of flammability. The refrigerant nmay be
circulated through piles either individually or in series, using a portable conpressor
as shown in figures 4-74 and 4-75. The size of the conpressor depends on the number of
piles to be frozen and the anmpbunt of heat to be renoved fromthe slurry. Pipe size,
exposure area per foot of pile length, and rate of circulation are other
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[retrieve Figure 4-73. Natural freezeback of piles in permafrost during w nter and
sumrer |



TM 5- 852- 4/ AFJMAN 32-1087
Figure 4-74. Conpressor for artificial freezeback of piles: PHOTO NOT | NCLUDED
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Refrigeration coils on tinmber piles for artificial freezeback: PHOTO NOT | NCLUDED
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parameters influencing the rate of freezeback. Method of computing freezeback tine for
a given refrigeration capacity is given in TM 5-852-6/ AFM 88-19, Chap 6[14]. By
limting the time between slurry placenment and start of refrigeration to |less than a
day, the heat gain by the surroundi ng permafrost can be mnim zed. Establishnent of a
proper freezeback criterion is very inportant. Very |low tenperatures can be produced at
a given nonment close to the refrigerant tubing but the soil may still be unfrozen
several inches away. Therefore, the duration of the refrigeration period should be
establ i shed as that which when suspended for 24 hours will produce frozen ground
tenmperature at the critical freezeback |ocation no greater than the normal ground
tenmperature at that position. The controlling depth where the freezeback is slowest is
of ten about 20 feet, but nay be anywhere between the top of permafrost and the bottom of
the pile. Tenperatures may al so need to be nonitored sinmultaneously at two or nore
different depths for control. Wen the required period of refrigeration has been
established for one or nore nonitored piles, it is thereafter necessary to nonitor
freezeback on only a linmted nunber of selected production piles for spot check
purposes. Careful records should be kept of the freezing plant and ground tenperature
observati ons

(b) Unless refrigeration is to remain permanently in operation, refrigerant
tubes on the piles should be filled with arctic engine oil chilled to bel ow existing
ground tenperatures and seal ed when the refrigeration period is conpleted. Should
refrigeration be required at a |later date, oil can be renmoved and the refrigeration
systemreactivated with mininumeffort; in the interim the oil provides protection
agai nst corrosion and ice bl ockage

(c) Internal refrigeration of pipe or other hollow piles can be acconplished by
use of automatic or forced circulation thernal piles as described in e bel ow.

(d) Artificial freezeback can al so be acconplished by the evaporation and
expansion fromthe liquid or solid state of gases vented to the atnosphere. Such gases
i nclude nitrogen, carbon dioxide, propane and other simlar naterials. Dry ice has, for
exanpl e, been placed in pipe piles to effect rapid freezeback. Such nmeans of rapid
freezeback are usually too expensive for use in large installations but can be
effectively enployed in snall installations.

(4) Relation of pile spacing to freezeback

(a) The spacing of piles is nornally based on structural requirenments of the
floor systemor on the need to provide a sufficient nunmber of piles to support
relatively large concentrated vertical |oads. Consideration of pile spacing in early
phases of the structural design may nake it possible to provide sufficient distance
between piles so that in permafrost areas natural freezeback can be utilized to effect
substantial savings.

(b) Driven piles, which introduce negligible anbunts of heat, have no critica
spacing other than that required to facilitate novement and operation of the driving
equi pnent or that introduced by possible group action effect in the foundation

(c) Slurried piles, however, produce an overall rise in permafrost
temperature[ 134]. The effect of pile spacing on pernafrost tenperature rise at
different slurry heat values is illustrated in figure 4-76. The relationship between
tenmperature rise and slurry heat, as influenced by the volunetric heat capacity of the
per maf rost and spacing, is given by the equations in the figure. If the rise in
per mafrost tenperature ([DELTA] T) indicated by figure 4-76 should exceed the difference
between the freezing point and the initial permafrost tenperature (T+f+ - T+p+) the
permafrost can not freeze nore than the amount of slurry water which will raise the
permafrost tenperature to its thawi ng point. Heat exchange cannot occur when per nafrost
and slurry are at the sane tenperature. The remaining slurry will not freeze until the
surroundi ng pernmafrost becones colder. Actual freezing or thawi ng tenperatures of the
materials should be used in the analysis where these differ from 32 deg. F.

(d) No factor of safety is incorporated in the pile spacing effect
equations and chart presented in figure 4-76. Therefore, it is essential that
tenmperature indicating devices be required as part of the design to verify freezeback
during construction (again taking into account the freezing characteristics of the
soil).

(5) Period of installation

(a) The natural freezing rate of slurried piles is primarily dependent on
initial ground tenperatures of the permafrost and the spacing of the piles[134, 137].
As illustrated in figures 1-1 and 1-3, the coldest ground tenperatures are experienced
in the spring. |In areas of narginal pernmafrost, permafrost tenperatures are so high
that there is insufficient "reserve of cold" in the permafrost to insure natura
freezeback of slurried piles except in spring (approxi mately February, Mrch, April and
May). If slurried piles nust be installed in margi nal permafrost areas at other tines
of the year, artificial refrigeration nmust be enployed to insure slurry freezeback. If
freezeback is not conpleted before the refreezing of the annual frost zone starts in the
fall, and frost heaving occurs, the adfreeze bonding required for support of the design
| oad may never be achieved. On the other hand, steel piles may usually be installed in
fine-grained permafrost soils by driving at any tine of the year in these areas wi thout



freezeback problens. Where permafrost tenperatures are bel ow about 25 deg. F

installation by driving will usually be inmpractical, thus requiring a slurried type of
instal |l ation. However, at
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[retrieve Figure 4-76. Influence of slurry on tenperature of permafrost between pil es]
such tenperatures problens of slurry freezeback are greatly reduced. |If augering is
acconplished prior to start of thaw in spring or early sumer, the holes normally
require no casing and are not subject to filling with nmelt water. Augering cold frozen
soils requires no additional power; in fact cold frozen cuttings are easier to displace
at the surface when spin-renoved and are easier to shovel or scoop up for renoval or use
in the slurry. Snow on the ground surface nay be partially or conpletely renoved, but
conmpact ed snow offers a good working surface which helps to protect vegetative cover
Compaction of snow greatly reduces the insulation value of the snow cover, pernitting
col der tenperatures to develop in late winter.

(b) Most construction contracts involving slurried piles are awarded so as to
permit the contractor to install piles in late winter or spring, thereby allow ng the
work to progress throughout the sunmer, with the structure being closed in against
weat her by late fall. |If the pile installation is done in sunmer and fall the work
tends to be hanpered by ground water, sloughing of soils in holes, slow freezeback, and
a | oss of equipnent nobility on the ground surface unless a granular mat is placed.

Even though the ground surface nmay be frozen in fall, a residual thaw zone may still be
present well into the winter, possibly requiring a casing to seal off ground water and
sl oughing soil. Early winter is also unfavorabl e because air tenperatures are often

unconfortable, there is mnimmdaylight for work, and ground tenperatures in the
per mafrost are near their warnest.

(c) On the other hand, piles which are to be driven into frozen soil can be
best driven in the early winter. |In the spring, open-ended pipe piles are sonewhat nore
difficult to drive than in the early wi nter because of col der permafrost tenperatures,
the presence of the seasonal frost |ayer and the tendency of the soil plug devel oped
i nside the pipe to wedge agai nst the sides. This wedgi ng action can devel op to an extent
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that the effort required to advance the pile is sinmlar to that required for a closed-
end pipe pile and nay make it inpossible to advance the pile at all. Normally H piles
require less additional effort in the spring as conpared to fall

(d) The design engineer should therefore carefully consider the period of
installation with respect to mobilization, transportation, work and equi prment
efficiency, ground water and soil problens when augering as well as the attendant
freezeback tinme. Since the problens associated with the installations at different
periods of the year will be reflected in the quotations.

e. Heat transfer by thermal piles.
(1) Two-phase thernmal piles.

(a) As previously noted, the two-phase system operates on an evaporation-
condensation cycle wherein the vapor condenses on the inner walls of the pipe pile and
flows down the pipe walls to mx with the Iiquid phase. The requirenent for spontaneous
operation of the device is that the tenperature in the upper reaches of the interior
wal | nmust be colder than the saturation tenperature of the vapor. The selection of the
refrigerant shoul d consider such factors as its vapor pressure, vapor density, and
flanmability. A refrigerant having a | ow vapor pressure at a given tenperature wil
tend to mnimze the | eakage potential and to sinplify sealing. A high liquid density
at a given tenperature will tend to increase the gravity forces which renove the liquid
condensate after its formation on the upper walls of the pile. Although the
t hernodynani cs of the internal pipe refrigerant are inportant, particularly the therm
resi stance of the condensate filmwhich varies in thickness along the interior pipe
wal |, the governing resistance (exclusive of the freezing soil surrounding the pile) nmay
be assuned to be the air boundary layer on the pile's exterior surface. This is
particularly true for conditions of heat transfer fromthe exposed portion of the pile
by essentially natural convection. On this assunption, rate of heat transfer to the
exterior fromthe exposed surfaces of a two-phase thernal pile may be estinmated using
the follow ng equation: further, assuming that; the pipe and soil are in intinate
contact along the entire buried portion; the pipe relies solely upon heat dissipation
fromits vertically oriented surface i.e., no horizontal piping connections at the
surface) and; the pile is of sufficient dianeter so that the upward vapor flow and

downward condensate flow do not inpede their nutual devel opment:

wher e
g = rate of heat transfer, Btu/hr

(Equati on



h+c+ = surface transfer coefficient, Btu/ft+2+ hr deg. F
A = surface of area of pile exposed to air, ft+2+
[DELTA] T = T+v+ - T+a+, deg. F

T+v+ = refrigerant vapor tenperature, deg. F
T+a+ = anbient air tenperature, deg. F

A*l = surface area of pile exposed to air per lineal foot, ft+2+
L+a+ = length of pile exposed to air, ft

(b) The addition of fins to the pile inproves its heat transfer capability. An
i ndication of this inprovenent can be determined for a unit length of pile per fin by:

[retrieve Equation 10]

(c) For the case of unfinned piles, natural convection (no wi nd), and assum ng
that turbulent conditions generally prevail, the equation q = h+c+ A [DELTA]T = h+c+ A
(T+v+ - T+a+) (equation 9) is nodified by introducing:

h+c+ = C+1+ Kt+air+ a (T+v+ - T+a+) +1/ 3+ (Equation 11)

wher e
C+l+ = constant = 0.13 (vertical cylinder)

K+air+ = thermal conductivity of air at tenperature T+mt = 1/2 (T+v+ + T+a+),

Btu/ft hr deg. F

a = g [BETA] [rho] c+p+/[nu] Kt+air+, 1/ft+3+ deg. F (see table bel ow)

wher e

ais determined for the nean tenperature condition, T+mt+
g = acceleration of gravity, ft/sec+2+
[ BETA] = coefficient of expansion for air, 1/deg F+abs+
[rho] = air density, |b/ft+3+
c+p+ = specific heat of air at constant pressure, Btu/lb+m- deg. F [mu] =
absolute viscosity of air, |b+m/ft hr
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Thus, for unfinned piles, natural convection, no w nd:
g = 0.13 L+air+a+l/3+ A (T+v+ - T+a+) +4/ 3+
(d) For the case of unfinned piles, forced convection, induced either naturally
by wind or nechanically, the surface transfer coefficient is nodified and the equation
is:

K+ai r + VD[ r ho] +0. 585+
q = h+c+ A (T+v+ - T+a+) = ------ (0.282) ------- A (T+v+ - T+a+)
D [ mu]
wher e
V = wind velocity, ft/hr
D = outer dianmeter of pile, ft

(e) Values of factors [rho], [nu], a and K+air+ for various values of T+mt are
gi ven bel ow

T+mt+ [rho] [ mu] a
K+ai r +

(deg. F) (I b/ ft+2+) (I b+mt/ft hr) (1/ft+3+ deg. F) (Btu/ft hr) ------- --
32 . 0807 . 0417 2.21 x 10+6+ . 0140
20 . 0827 . 0408 2.50 x 10+6+ . 0136
0 . 0863 . 0394 3.00 x 10+6+ . 0131
-10 . 0882 . 0387 3.47 x 10+6+ . 0129
-20 . 0902 . 0380 3.93 x 10+6+ . 0126
-30 . 0923 . 0373 4,53 x 10+6+ . 0123
-40 . 0945 . 0366 5.21 x 10+6+ . 0121
-50 . 0968 . 0358 5.74 x 10+6+ . 0118
- 60 . 0992 . 0351 6.47 x 10+6+ . 0115
-70 . 1018 . 0344 7.24 x 10+6+ . 0113

(f) Conputation of heat transfer during freezeback. The thernmal pile may be
used to accelerate freezeback of the slurry in a preaugered hole. It would thus tend to
suppl enent the in-situ permafrost’s freezeback capability. As noted in figure 4-72, a
wet slurry of 10,000 Btu/ft in a relatively warm permafrost at 28 deg. F would require
about 20 days to freeze back naturally for the nunerical values assuned in that exanple.
An indication of the reduction in freezeback tinme afforded by the thernal pile is
devel oped bel ow.

(g) Exanple. Assuning a pile length of 20 feet bel ow ground surface (i.e.

i ncludi ng the annual frost zone), this represents a total of 200,000 Btu's of |atent
heat to be renmoved during slurry freezeback. Further, assuming that an unfinned pile is
pl aced during the late fall when the average daily air tenperature is 20 deg. F and no
wi nd exists, the followi ng estination of freezeback under the thernmal pile mechani sm may
be nmade

g = 0.13 K+air+ a+l/ 3+ A+*l + (T+v+ - T+a+) +4/ 3+

T+v+ = 32 deg. F (assuned to be the tenperature of slurry during freeze-up)
T+a+ = 20 deg. F
K+air+ = 0.0138 Btu/ft hr deg F for T+m+ = 1/2 (T+v+ + T+a+)
= 26 deg. F (fromtable)
a = 2.35 x 10+6+/ft+3+ deg. F for T+m+ = 26 deg. F (fromtable)

Froma pile of 1 foot nominal dianeter, the cooling area, A+*lI+, is ([pi] x 1.062) =
3.33 ft+2+/lineal foot. Thus:

g = (0.13) 90.0138) (2.35 x 10+6+)+1/3+ (3.33) (32-20)+4/3+
=21.8 Btu/lin ft hr

(h) The freezeback tinme, relying exclusively on the thermal pile effect, for a
pile length, L+a+, of 4 feet exposed to the air is:
200, 000

21. 8 x 4 x 24

= 96 days



(i) This assunes that none of the slurry heat is extracted by the surroundi ng
per mafrost, which, of course, is not the case. During the 20-day period required to
naturally freeze back the slurry, heat renoval via the thermal pile effect is (21.8 x 4
x 20 x 24) = 42,000 Btu. This represents 2100 Btu/lineal ft of pile. Again referring
to figure 4-72 and using a volunetric |latent heat of slurry of (10,000 - 2100) = 7900
Btu per lineal foot, it is noted that 7900 Btu can be renoved in about 15.5 days. Thus,
the thermal pile will influence freezeback over a shorter tine than 20 days and by
successi ve approxi mati ons the appropriate freezeback tinme is established. In 16.5 days,
the thermal pile extracts 1740 Btu/ft and about (10,000 - 1740 =) 8260 Btu/ft is
di ssipated into the permafrost in the sane time interval (fig. 4-72). This represents a
reduction in freezeback tinme of about 17 percent.

(j) Had the air tenperature averaged O deg. F, rather than 20 deg. F, the
thermal pile heat renoval rate would have increased to 81 Btu/lineal ft hr and the
overal |l freezeback tinme woul d have been reduced to about 10 days (a 50%reduction in
time). It should be noted that these cal cul ati ons assunme that heat is also extracted by
the pile fromthat portion of the slurry in the annual frost zone. |If the pileis
pl aced at the end of the winter, the annual frost zone will be at a | ower tenperature
than the permafrost and thus nore slurry heat will be renpbved per linear foot by the
surroundi ng ground in the annual frost layer than is the case in the permafrost zone.
Thus, the procedure will tend to estimate the freezeback benefit of the thermal pile
somewhat conservatively. However, the opposite situation devel ops should the pile be
pl aced at the end of the summer period when the active zone is above freezing. At this
time a large percentage of the pile’'s heat sink ability is used to extract heat fromthe
annual frost zone
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(k) The above cal cul ati ons negl ected any consideration of the thernal
benefit of finning the pile. A 1/4-inch-thick, 6-inch-wide fin of 4-feet l|ength would
dissipate 6.2 Btu/lin ft hr at 20 deg. F air tenperature and 20.7 Btu/lin ft hr at O
deg. F. The use of four fins would have the effect of essentially doubling the heat
transfer rate froma cylindrical surface. The use of six fins, anunber conmmonly used,
woul d reduce the freezeback time from16.5 and 10 days to
12 and 6 days for anbient air tenperatures of 20 deg. F and 0 deg. F respectively.

(1) The above exanpl e assuned that the air would be quiescent during the
freezeback period; the effect of an average wind of only 2 nph is considered next:

(0.282) (VD [rho]) +0. 585+
g = Krair+ ------- —-------- A+*l + (T+v+ - T+a+)

[rho] = 0.0817 Ib/ft+3+ at 26 deg. F (fromtable in (e) above)
[mu] =0.0412 I b/ft hr at 26 deg. F (fromtable in (e) above)
V = 2 mph x 5280 = 10569 ft/hr

substi tuting:

+ . + -+0. 585
10.0138 | 110,560 x 1.062 x 0.0817 !

q = |- NCIL: ) e — I (3.33) (32-20)
11.062 ! ! 0.0412 !
+- -+ +- -+

=51 Btu/lin ft hr for T+a+ = 20 deg. F

(m) The freezeback time is reduced from 20 to about 12 days, representing
a reduction of 40% from the natural freezeback time without thermal pile
assistance. Had the temperature averaged 0 deg. F, the time would be reduced by about
60% to 7-3/4 days, These results are tabulated below:

Freezeback Time (Days)

Without Fins With Fins (6)
wind 20 deg. F Odeg.F 20deg.F 0Odeg.F
0 mph 16-1/2 10 12 6
2 mph 12 7-3/4 -- -
5 mph 9-1/2 5 -- -

Natural Freezeback Time 20 days (Permafrost at 28 deg. F)

(n) Asindicated by these calculations, the amount of surface area
presented to the cold outside air is critical and thus it is essential that snow (which
is a rather good insulator) not be allowed to impede heat transfer from the pile.

Heat transfer by the emission of long-wave radiation from the pile

will accelerate the heat transfer process while absorption of solar radiation tends to
retard heat transfer. The use of high albedo paint to reflect the incoming solar
radiation is a common practice.

(o) Computation of heat transfer in service. An indication of the
magnitude of temperature depression below the mean temperature of the ground surrounding
the pile is useful in appraising the potential adfreeze strength provided by the thermal
pile. This problem is best solved by means of a finite
difference approach utilizing a digital computer. However, some useful relationships
can be obtained via a steady state analysis assuming that the mean ground temperature
T+g+, remains unchanged at a distance of ten radii from the pile.
The heat removed by the pile is:

g = h+c+ A*l (T+v+ - T+a+)L+a+

while the heat input from the soil is:

2.73 K+s+ (T+g+ - T+v+) L+s+
q= (Equation 12) log
(r+2+/r+1+)

where:



h+c+, A+*|+, L+a+, T+v+, T+a+ were defined above

L+s+ = length of pile exposed to soil, ft

K+s+ = frozen soil thermal conductivity, Btu/ft hr deg. F
r+l+ = radius of pile

r+2+ = 10 r+1+

T+g+ = ground tenperature at r+2+

These two heat flow rates are equal
h+c+ A+*| + (T+v+ - T+a+) L+a+ = 2.73 K+s+ (T+g+ - T+v+) L+s+

Thus:
2.73 Kts+ (L+s+/L+a+) T+g+ + h+c+ A+*| + T+a+

THV+ = oo (Equation 13)
2. 73 K+s+ (L+s+/L+a+) + h+c+ A+*| +

For the sanpl e problem above in which the average wi nd speed was 2 nph, it is estimated
that the permafrost tenperature would be depressed from 28 deg. F to about 19 deg. at
the pile/soil interface

(2) Single-phase piles.

(a) As previously described, the single phase system or convection cell
operates by virtue of a density gradient induced by tenperature difference between the
above- ground (exposed to air) and the bel owground portions of the pile. Such systens
may use a confined liquid, or gas, or anmbient air as the heat transfer mediumw thin the
pile. As the fluid extracts heat fromthe soil surrounding the pile, its density
decreases, thereby causing the fluid to rise and be replaced by overlying cooler fluid.
Heat exchange to the atnosphere is acconplished either through the pile wall for liquid
systenms or by
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direct mixing for air systenms. Successful operation of this concept requires use of
plunbing within the pile which physically separates the warmand cold fluid colums. As
air tenperatures increase above ground tenperatures, the convective process is stopped,
t hereby preventing induction of warm ground tenperatures. It should be noted that when
ambient air is used as the heat transfer nedium sunmer w nds may cause undesirable air
flowwithin the pile and necessitate the use of positive shutoffs.

(b) Although a potentially sinpler, essentially unpressurized system the
thermal efficiency of the natural convection, single-phase pile is less than that for
two- phase systens owing to the increased internal resistance associated with for the
liquid-filled pile: primarily the mass flow of the liquid with sone contribution due to
the liquid side boundary |ayer thermal resistance in the portion of the pile exposed to
air and for the anmbient air-filled pile: the | ow volunetric heat capacity of the air at
low rates. Sone | aboratory studies reported by Johnson[154] indicated that for |iquid-
filled (both water-ethyl alcohol and trichl oroethylene), 2-inch and 4-inch nodel piles,
a 5 deg. to 15 deg. F tenperature difference between air and the material to be cool ed
was necessary to achieve any heat transfer over a range of air flow fromO to 40 nph;
this indicates the influence of inertia forces which nust be overconme to pernmit
devel oprment of fluid flow

(c) There are few heat transfer field data available for this type of pile
systemat tinme of preparation of this publication

(3) Forced circulation piles.

(a) In sonme cases it nmay be necessary to install artificial refrigeration pipe
or tubing on the pile to accelerate slurry freezeback tine and to have such
refrigeration available in the event that pernafrost tenperatures rise to unacceptable
| evel s after construction. The thernmal pile technique is restricted to that period of
the year when air tenperatures are | ow and nornally cannot be used to accelerate
freezeback during the sumrer period. The follow ng exanple shows cal cul ations required
to determ ne the amount of heat to be extracted fromthe ground.

(b) Exanple. It is assunmed that the average volune of slurry backfill for a
group of piles is 31 feet+3+ each. The slurry is placed at an average tenperature 40
deg. F and nust be frozen to 23 deg. F. A silt-water slurry of 80 |b/ft+3+ dry weight
and 40 percent water content is used as backfill material, and an avail abl e
refrigeration unit is capable of renoving 225,000 Btu/hr. Calculate the length of tine
required to freeze back a cluster of 20 piles.

Vol unetric | atent heat of backfil
L = (144 x 80 x 0.40) = 4,600 Btu/ft+3+
Vol unetric heat capacity of frozen backfil
C+tf+ = 80 [0.17 + (0.5 x 0.4)] = 29.6 Btu/ft+3+ deg. F
Vol unetric heat capacity of thawed backfil
Ctu+ = 80 [0.17 + (1.0 x 0.4)] = 45.6 Btu/ft+3+ deg. F
Heat required to depress the slurry tenperature to the freezing point:
45.6 x 31 (40 - 32) = 11,310 Btu/pile
Heat required to freeze slurry:

31 x 4,600 = 142,600 Btu/pile
Heat required to depress the slurry tenperature fromthe freezing point to 23 deg.
F

29.6 x 31 (32 - 23) = 8,260 Btu/pile
Total heat to be extracted fromthe slurry:

20(11, 310 + 142,600 + 8,260) = 3,243,000 Btu
Time required for artificial freezeback excluding all owances for system| osses

3,243,000/ 225,000 = 14.4 hr (with losses allow 20 hr)

(c) The maxi mum operating tenperature for the coolant is usually set 10 deg. F
bel ow the desired in-situ pernafrost tenperature and the tenperature rise in the system
should be fixed at 5 deg. F or less. Thus, for this exanple, the maxi mumtenperature is
(23 - 10) = 13 deg. F and a difference of 5 deg. F would place the | owest tenperature at
8 deg. F. The cool ant freezing point should be at |east 10 deg. F below this m ni mum
If it is likely that the air tenmperature will fall below this freezing point during the
refrigeration operation, then the
low air tenperature woul d establish the freezing point for the cool ant.

(d) Alowing a tenperature rise of 4 deg. F in the refrigerant and selecting a
21 percent sodiumchloride brine, the required circulation rate is:

225, 000
---------------------------------- = 120.6 gpm
60 x 0.799 x 4 x 1.169 x 62.4/7.5

(e) Using 3/4-inch black pipe on the pile, the rate of circulationis in the
order of 1 ft/sec, which should be considered as an upper limt. This size pipe or
tubing is nbost commonly used.



(f) The brine tenperature will average 11 deg. F which will result in a
temperature difference between the surrounding soil of (40 - 11) = 29 deg. F at
conpletion of the refrigeration cycle.

(g) It is essential that tenperature sensors be used to insure that proper
freezeback rates and tenperatures are obtained.

(h) Should the option of forced circulation of a gas or liquid within a cl osed
nmetal pile be considered, the conputation procedures outlined above nmay be adapted, the
case being technically conparable to the freezing points used for stabilization of
ground in construction or for stabilizing foundati ons experiencing permafrost
degradation. However, so far as is known this approach has not been used except
experinentally in conventional foundation bearing piles in North
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Anerica

f. Design depth of pile enmbedment. Pile foundations nmust be designed for
sufficient depth of enmbednent to support the inposed |oads in adfreeze bond w thout
obj ecti onabl e di spl acement under the warnest ground tenperatures expected, unless
suitabl e end bearing on ice-free bedrock or other reliable strata can be obtained. The
pil es must al so be capabl e of resisting the additional down drag of negative skin
friction fromconsolidating fill or thawed foundation soils and nust provide sufficient
anchorage and tensile strength to prevent upward di splacement and pile structura
failure fromfrost heave forces in the annual frost zone in winter. The forces acting
on a pile in permafrost during freezing and thawi ng seasons are shown in figure 4-77.
During spring and early sunmer, piles have greatest potential bearing capacity in
adf reeze bond because of the | ow permafrost tenperatures during the period[133]. Wen
the zone of annual thaw and freeze is in the process of refreezing, the extrenely |ow
tenmperatures in the frozen soil near the ground surface cause rmuch hi gher adfreeze bond
strengths in this area. During the same period of seasonal freezing, ground
tenmperatures along the pile length in permafrost are at their
war nest and the correspondi ng pernmafrost adfreeze strengths are at their weakest. Unless
the pile is adequately enbedded in the permafrost and capabl e of nobilizing sufficient
resi stance in adfreeze bond, the pile will heave if an up-

[retrieve Figure 4-77. Stresses acting on piling for typical permafrost condition]
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ward frost heave thrust occurs exceeding the conbi ned weight of the pile, load on the
pile, negative skin friction in thawed zone(s) and the adhesion in the pernmafrost.
(1) Friction piles.

(a) Analytical considerations and nethods of meking prelimnmnary estinmates of
bearing capacity of piles which develop their support in skin friction along their
surfaces are discussed in this paragraph. Bearing capacity of such piles should be
cal cul ated for the ground conditions which exist in the nost critical period of the
year. |In permafrost areas this will usually be late sumer through early w nter when
permafrost tenperatures at the depths of primary |oad support are at their warnest.

Al l owabl e downward | oad on piles supported in adfreeze bond in permafrost shoul d be
computed in accordance with equation 14 (see righthand side of fig. 4-77):

[retrieve Equation 14]

(b) As with footings, allowable |oadings of piles in frozen ground are

determ ned by creep deformation which occurs under steady |oadings at stress |levels well
bel ow the rupture levels neasured in ordinary relatively rapid tests to failure. A
creep deformation rate of only 0.01 in./day will result in 3.65

i nches of settlenent per year or about 3 feet in 10 years, which is wholly unacceptable
for permanent type structures. Creep occurs in the adfreeze bond zone at the contact
surface between the pile and the frozen ground and is attended by punching at the pile
tipif the pile is overloaded. The stress-strain behavior of frozen soil in unconfined
conpression tests nay be used to illustrate the deformati on phenonmena associated with
support of loads on piles in frozen ground. Response of frozen silt to various
conditions of |oading is shown diagrammatically in figure 4-78 (the same rel ati onshi ps
are represented in another formin fig 4-47). Elastic behavior is linmted to a
negligibly small portion of the stress-strain curve. Nonelastic defornmation begins only
a short distance fromthe origin and increases with increase in stress. At rapid rates
of loading or at |low tenperatures, the stress-strain curves are relatively steep
relatively high stress levels are reached, and the deformation ends in brittletype
rupture, as shown by the two | eft-hand curves in figure 4-78. At slow rates of |oading
and war nmer pernmafrost tenperatures the curves are flatter, lower stress levels are
reached, and deformation continues plastically to large strain values. |If rate of
applied strain is reduced at a point such as A the stress intensity will tend to rel ax
as indicated by curve AB to a stress |evel conpatible with the new, |ower rate of

strain. In saturated, fine-grained frozen soils the peak and ultimate strengths tend to
be virtually identical when loading rate is at a |l evel producing extended deformation,
as shown by the two right-hand curves in figure 4-78. Peak stresses higher than
ultimate strength values are observed in saturated, granular frozen soils, even for slow
rates of |oading, but such soils less frequently require pile-type foundations.

(c) Figure 4-79 illustrates diagrammatically the manner in which | oad

applied at the top of a pile is transmitted with time into relatively warm permafrost.
For sinplicity, load is assumed carried solely in skin friction in permafrost with zero
load on the tip of the pile. Conditions are shown in figure 4-79 for three separate
times after instantaneous application of |oad: t+1+, represents a tinme imediately
after load application, t+2+ represents a time internedi ate between t+1+ and t+3+, and
t+3+ represents tinme when conplete stress-strain adjustment has occurred under the
applied load. |Imediately after |oad application, |load transfer to permafrost is
concentrated in upper sections of the pile. Load transfer to |lower parts of the pile is
at that tinme restricted because shortening of the pile in conpression is restrain-
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[retrieve Figure 4-78. Response of frozen silt to |oading conditions in unconfined
conpr essi on]

[retrieve Figure 4-79. Load, strain and stress distribution for pile in permafrost with
zero |load at tip]
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ed by the surrounding frozen ground. As yield occurs in the pernmafrost and the adfreeze
bond, nore and nore conpressive strain develops in the pile with depth, progressively
readjusting the pattern of load transfer frompile to soil, the strain at the pile-
permafrost interface, and the tangential adfreeze bond stress. As shown in diagrans b.
and c. in figure 4-79, the final distributions of |oad and strain along the enbedded
length of pile in pernafrost at tinme t, are approximately triangular. An assuned
pattern of adfreeze bond stress is shown in diagramd. of figure 4-79. As also shown in
this diagram the adfreeze bond nmay be ruptured as a result of excessive stress or
excessive rate or nagnitude of drain, beginning at the top of permafrost. The stress-
strain-time relationship and possibility for bond rupture arc affected not only by the
behavi or characteristics of the frozen soil and the adfreeze bond zone, but also by the
deformati on characteristics of the pile. Piles which exhibit high deformation per unit
| ength under | oad or which are especially long are nore susceptible to such bond
rupture

(d) That a triangular distribution of |oad and strain over the depth of
enbedrent, reducing to zero load at the tip, may be reasonably assuned as a basis for
design in relatively warm perrmafrost is denonstrated in figure 4-80, which shows | oad-
defl ection data froma conpression |oad test to failure on an 8-inch pipe pile conpared
with deflection conmputed on the basis of the triangular |oad distribution assunption.
The degree of correspondence appears especially satisfactory when account is taken of
the fact that application of factor of safety in the design will place working loads in
the area of best agreenent. |t nust be recognized that even though the | oad was added
slowy over nore than two weeks, in the test shown in figure 4-80, the stress-strain
adj ust nent under each 10-kip increment was not 100 percent conplete. |In the test
illustrated in figure 4-81, neasured distributions of strain in an 8-inch. |-beampile
with 10-feet enmbednment in pernafrost under various |evels of inposed |oading al so show
the general triangular pattern[83].
(e) For friction type piles of average |engths, bearing on the tip is
smal | enough so that it can be ignored if the tip diameter is relatively small (of the
order of 6 inches) or if the pile is placed in a dry-augered hole which is not flat-
bottomed and/or if | oose auger cuttings are unavoidably left at the bottom of the hole,
thus requiring appreciable strain at the tip before full end bearing can be achieved.
If the tip diameter is relatively large and if full positive end contact is assured,
results obtained by ignoring the load on the tip may be too conservative. |n such case,
the pile tip |l oad may be conputed as the sumof the first two factors in the applicable
equation of figure 4-61b

(f) Effective unit values of the strength of adfreeze bond between frozen soils
and foundation piles under long termloading depend primarily on such factors as the
type of soil, the noisture content, the chem cal conposition of the pore water, the
temperature, and the surface condition, shape and length of the pile. Wth augered and
slurried piles sone control can be effected over the adfreeze bond strength that can be
devel oped, by controlling the type of pile material and surface, the soil type and
noi sture content of the slurry, the node of freezing, and the characteristics of the
water used to nmake the slurry. Wth driven steel piles such control is not possible
except for renoval of oil, paint, rust or scale fromthe pile surface before driving
however, there is no freezeback delay or uncertainty, a common problemw th slurried
pil es.

g) Experinentally determ ned values of average sustai ned and average peak
adf reeze bond strengths for frozen slurries made with silt of |ow organic content in
contact with steel pipe piles of 18- to 21-feet lengths (in frozen soil) are shown in
figure 4-82. Factors for adjusting the curves for different types of piling and slurry

backfill, based on field and | aboratory testing, are also shown in the figure. (The
curve "Average Sustainable Adfreeze Strength" with the appropriate correction factor for
variation in pile and/or slurry type and with a procedure to be illustrated |ater may be

used for prelimnary design and planning of pile load tests.) Because shear strain
along the surface of a |loaded pile varies along the |l ength, decreasing downward froma
maxi mum at the ground surface, as has been illustrated in figure 4-79, such val ues
nmeasured on full scale piles represent averages over w de ranges of devel opnent of the
stressstrain curve. The average values are therefore always | ess than the potentia
maxi mum adf reeze bond stress. Average adfreeze bond strengths at ultimate pile

bearing capacity are about 40 percent greater than average sustai nabl e adfreeze bond
strengths used in design (before application of any factor of safety).

(h) Adfreeze bond strengths and creep properties of slurry may range from

those characteristic of freshwater ice, through those of frozen sands, silts, clays and
organic soils at various noisture contents (depending on the type of material selected,
the water content at freezeback, and the manner of freezing) to those of the sane soils
unfrozen, if freezeback is inconplete or if permafrost degradation should occur. In
tenperature ranges a few degrees below 32 deg. F, slurries in which the ice fraction
predom nates may show better structural performance than slurries of sone soils in which
the soil fraction is nore predominant, if the solute content of the added water is
relatively | ow, depending on the soil type. As shown in figures 2-12 and 2-13, ice has



relatively high ultimate strength conpared to nost frozen soils at tenperatures
i medi ately
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[retrieve Figure 4-80. Load test of steel pipe pile]
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[retrieve Figure 4-81. Load distribution along pile during test, strain-gage
i nstrumental pile]
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[retrieve Figure 4-82. Tangential adfreeze bond strengths vs tenperature for silt-water
slurried 8.625-inches-O D. steel pipe piles in
per maf rost averaged over 18 to 21 feet enbedded | engths
i n permafrost]

bel ow freezing when load is increased relatively rapidly to failure, but nost frozen
soils exceed the strength of ice at |ower tenperatures. At a tenperature of about 30
deg. F, freshwater ice, frozen concrete sand and fine sand have shear strengths of about
the same magni tude, but frozen silt is significantly weaker. Wth | owering of
tenmperature, ice does not gain further shear strength, but the frozen soils do. At
tenmperatures between 30 deg. and 25 deg. F, shear strength of sands nay exceed that of
silt by 33 percent to nmore than 100 percent. At a tenperature of about 20 deg. F sands
and silt may have about equal shear strengths, but these may exceed the shear strength
of ice substantially. As tenperatures fall below 20 deg. F, silt continues to increase

in shear strength at a rate which is nmuch nore rapid than for sand. In absence of
reliable direct adfreeze bond strength data, shear strength behavior is considered the
nmost nearly anal ogous characteristic. Also, as illustrated by figure 2-15, hard, sound

freshwater ice shows a |ower rate of creep deformation than frozen soils, at least in
the tenperature range above about 26 deg. F;, data are not available for |ower
temperatures, or for ice which is porous or contains significant anmounts of inpurities.
However, the much nore rapid rates of freezeback obtai nable with mini num noi sture
content slurries offer a significant construction advantage[134]. Concrete sand al so
will usually contain few soluble nmaterials to alter freezing tenperature of the pore
wat er .

(i) The use of steel Htype piles or other irregular section piles, which have
consi derably nore surface area than a conparable-size circular pile, will not result in
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proportionately greater pile |oad capacity sinply because of this increased surface.
Al t hough extraction tests to failure of Hpiles show that such piles come out clean
i.e., without soil included between the flanges, the included perinmeter should be used
in design rather than the actual surface, since yield in creep will tend to occur on
t hat basi s.

(j) Available data indicate that when steel piles are driven into pernafrost by
conventional nethods, adfreeze bond over the pile surface area is less conplete than is
possible with a properly placed slurry backfill. This conclusion is based both upon
| oad tests and inspection, for evidences of contact, of piles which have been conpletely
extracted. Therefore, the all owabl e | oad-bearing capacity of a conventionally driven
steel pipe pile should be reduced to 75 percent of that for a slurried pile in which the
slurry is made fromthe same foundation soil nixed with fresh water. For Htype and
other irregular section piles, the reduction should be I ess since the pile surface area
allowable is partly direct pile-soil contact surface and partly surface through frozen
soil as conmputed for the included perinmeter. For exanple, the allowable | oad bearing
capacity for a driven 10 inches by 10 inches steel H-pile would be 87.5 percent of that
for a slurried pile, if the sustainable creep strength of the soil is approximtely the
sane as the unreduced adfreeze strength between soil and steel. However, if a pileis
driven by a nmethod which generates enough heat to produce a slurry filmon the entire
pile surface in permafrost, no reduction is needed.

(k) The possibility nust be considered that the natural foundation soil may
have sufficiently | ow shear strength, as conpared with the adfreeze bond strength at the
slurry/pile interface, to be the controlling factor in determnmining the |oad-carrying
capacity. However, since the perinmeter of the drilled or augered pile hole is
ordinarily a minimumof 30 to 50 percent greater than the perineter of the pile itself,
the natural frozen ground would have to be nuch weaker than the strength at the
slurry/pile interface for the strength of the natural soil to be controlling. This is
very unlikely if the slurry is made fromthe natural foundation soil. However, it may
occur if select slurry backfill is used. It is possible to intentionally nmake the
augered hol e | arger than needed for pile placenent purposes alone, in order to decrease
stress at the outside perinmeter of the slurry cylinder when this condition may apply.
However, the resulting increase in slurry volume would significantly retard freezeback
tine.

(1) For prelimnary design purposes, the average sustainabl e adfreeze strength
values in figure 4-82, adjusted by the appropriate factor if necessary, should be used.
Nor mal negative frictional resistance values (conbined friction and cohesion) for
unfrozen soil may be determ ned from gui dance given in TM 5818-1/ AFM 88-3, Chapter 7.

Ful | -scal e I oad tests performed on piles installed by the planned construction
procedures best integrate the variables involved. Figure 4-80 shows an exanple of such a
test, though the interval between |oad increnments is less than the 10 ki ps per three
days which is recommended (see below). However, if sufficient tine is unavailable in the
construction schedul e, such deviation may sonetimes have to be accepted and corrected
for as indicated in the "Conputation of Allowable Design Load" in figure 4-80. |If these
tests cannot be performed at the design ground tenperature (as is frequently the case
for field tests), they nmay be adjusted to the design tenperature by using the applicable
curve in figure 4-82 for guidance and assuming that the strength for the test case
varies as a fixed percentage of this curve with tenperature

(m Since the effective unit adfreeze bond strengths are directly related to
per maf rost tenperatures, reasonably accurate assessnent of the pernafrost tenperatures
with depth, for the life of the structure, is required. The warmest tenperatures with
depth to be experienced in the life of the structure should be used for design. For
ventilated pile foundations this normally will occur in the early part of each w nter
If a residual thaw zone shoul d exist or develop, there will be no seasonal variation in
permafrost tenperatures and the permafrost will tend to eventually reach a thaw ng
condition[133]; in such a case the recommended procedure is to design for thawed-
condition skin friction values. |f the permafrost or slurry contains excess noisture in
the formof ice, these values will tend to be on the low side for the type of soi
i nvol ved, and negative friction forces may need to be considered. However, since thaw
at depth in the
ground is usually slow, consolidation will normally occur in small annual increnents.

(n) If permafrost tenperatures in the seasonal period selected for design are
essentially uniformwi th depth, the permafrost supporting capacity may be esti nmated
(using fig. 4-82) by sinply multiplying the total surface area of the part of the pile
in permafrost by the average sustainable tangential adfreeze bond strength at that
tenmperature, applying a correction factor for the type of pile surface and slurry if
necessary. Should the ground tenperatures vary appreciably with depth, a nore refined
conputation of the permafrost supporting capacity may be made by plotting, first the
variation of average sustainable bond stress with tenperature, then tenperature with
depth, then the average sustai nable bond stress for the applicable tenperature with
depth, and finally the sustainable adfreeze bond | oad capacity per foot with depth. By
determning the area under the latter curve as shown in the right hand di agram of figure
4-83, the potential pile |load capacity is obtained.
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[retrieve Figure 4-83a. Exanple of conputation of sustainable |oad capacity of pile in
per maf r ost ]

[retrieve Figure 4-83b. Exanple of conputation of sustainable |oad capacity of pile in
per maf r ost ]
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[retrieve Figure 4-83c. Exanple of conputation of sustainable |oad capacity of pile in
per maf r ost ]
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[retrieve Figure 4-83d. Exanple of conputation of sustainable |oad capacity of pile in
per maf r ost . ]

(0) Wthin reasonable limts a deflection of the pile relative to the
surroundi ng permafrost, which exceeds the minimumstrain required to devel op peak
adf reeze bond stress at the top of permafrost, is normal and acceptable in permafrost at
a tenperature of about 20 deg. to 25 deg. F or warner, provided opportunity for gradua
devel oprment of this displacenent by creep is avail able. The curves for slow | oadi ng
shown in figure 4-78 typify this condition. However, the possibility of conplete
rupture of the adfreeze bond in upper permafrost strata nust be considered and specia
anal ysi s shoul d be nmade when considering piles of significantly nore than 30 foot
enbedrment in permafrost, or if the tenperature of the permafrost when | oads are applied
is colder than about 20 deg. F, or full design |oad is suddenly applied on the pile.

The criteria in this manual are based on experience with piles of conventional |engths
of pernmafrost enbednment, that is 15 to 30 feet in permafrost at tenperatures of 20 deg.
to 25 deg. F or warmer, under gradual application of | oad.

(p) In permafrost of |ow and very |ow tenperatures (colder than about 20 deg.
F) unit adfreeze bond strengths are higher, allowable deflections are | ower, optinum
pile lengths are |less, possibility for rupture of the adfreeze bond is increased, and
the patterns of distribution of |oad, strain, and stress along the enbedded | ength of
pile may differ fromthe pattern which has been described above because the stress-
strain behavior typified by the two I eft-hand curves in figure 4-78 will apply rather
than the extended-strain type behavior shown in the two right-hand curves of that
figure. Even though higher stress |evels can be accepted under rapid | oadi ng, reduced
capacity for readjustnment by creep may nullify this.

(gq) The conputation of the allowable |oad on the pile should be conpl eted using
equation 14 above and factor of safety fromh below TM 5-818-1/AFM 88-3, Chapter 7 may
be referred to for guidance concerning skin friction of thawed soil

(2) End bearing piles. As described in the precedi ng paragraph, the point
bearing (Qte+ in fig. 4-77) may often be assuned negligible. However, if a firm
reliable bearing stratum such as ice-free bedrock is within econonical depth, the
bearing capacity can be augnented by or solely derived fromend bearing. Design
procedures for end bearing piles should be the same as in tenperate zone practice (TM 5-
818- 1/ AFM 88-3, Chap. 7[5] and/or EM 1110-2-2906[20]) except that safety against frost
heave nust be assured in accordance with the foll owi ng paragraph. Drilling and anchori ng
of
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the piles into the bearing stratum may be required.
(3) Pile safety against frost heave.

(a) Analysis nust be made to assure that the pile is safe against frost heaving
under the normal sustained dead | oad, or when not loaded if this can occur during a
freezing period. The latter is nost likely to happen during construction

(b) For heave stability a satisfactory relationship as expressed in the
foll owi ng equati on nust be naintained under the nost unfavorable conditions (see left-
hand side of fig. 4-77):

[retrieve Equation 15]

If the pile can experience loading in tension fromthe structure the equation nust be
adj usted accordingly. The nature and mechani sm of the heave phenonenon and val ues of
frost uplift pressures which can act at the plane of freezing are discussed in

par agraphs 2-2 and 2-4. The effects of frost heave on engi neering structures and

nmet hods of controlling these effects are discussed in paragraph 43. Because a pile in
tension contracts in the transverse direction, there is a tendency for skin friction
under high tensile load to be less than in conpression. As shown in figures 4-44 and 4-
45, peak frost heave forces have been neasured of 55,800 Ib or 2,220 | b per perineter-
inch for an 8 inch steel pipe pile and 35,60 Ib or 809 I b per perineter-inch for a
creosoted timber pile, both in frozen silt slurry. For steel piles in silt with anple
nmoi sture avail abl e, an average val ue of f+h+ of 40 psi should be assuned to act over the
full depth of seasonal freezing; in the col dest upper strata of seasonally frozen soil

| ocal tangential shear stresses on the surface of the pile nay be substantially higher
For other pile and soil types the 40 psi value nay be adjusted proportionately to
factors noted in figure 4-82. Experience shows that the surface of the pile within the
annual thaw zone will often show a thin coating of ice which may possibly control the
observed behavi or of the system Although clays are capabl e of produci ng considerably

hi gher heaving pressures than silt (see fig. 2-9), values of f+h+ for clays should be

|l ess than for silt because of the linmted heave rates possible with these | ow
perneability soils and because of their weaker adfreeze bond potentials.

(c) The holding force in permafrost, Qtp+, should be conputed as in (1) above
usi ng average sustainable adfreeze strength. A factor of safety nust be applied as
outlined in paragraph h bel ow

(d) If the capacity of the pile is insufficient to resist the frost thrust,
Qth+, the pile nust be redesigned to provide greater |oading, increased enbednment or
hol di ng power in permafrost, or a conbination of these alternatives, or one of the heave
force isolation nethods discussed in paragraph 4-3 may be restored to. Were frost
heave is possible, wood piles should be installed butt down to increase safety against
heave. Piles which heave as the result of frost action destroy the adhesive bond of
permafrost. Once broken this bond does not readily reheal and as little as 1/2 or |less
of the potential adfreeze bond strength may be avail able to support the inposed | oad and
to resist further heaving in subsequent years.

(4) Tension loading. It may sonetines be desirable to use piles in frozen

ground to resist tension or uplift |oads. Their advantage usually is their |ow cost.
However, the use of friction piles in frozen ground to carry permanent tension |oads
shoul d be approached with great caution for the followi ng reasons: friction piles in
frozen ground have inherent potential to fail progressively in creep; piles in tension
tend to experience reduction in friction by transverse contraction under |oad; frost
heave forces act in the same direction as the applied stress; permafrost degradation or
even warm ng of ground tenperatures during the Iife of the structure may lead to
failure; developing failure under a structure, if observed, nmay be very difficult to
correct; and failure, if it occurs, may be accelerative and catastrophic. Sonme to these
adverse factors can be elimnated by careful design. For exanple by neans of a rod
passi ng through the pile it can be placed in conpression rather than tension; in such
case it may be better designated as an anchorage than as a pile. Anple factors of
safety can al so be enployed. However, in lieu of friction piles positive gravity or
nmechani cal type anchorages which insure nobilization of the required nass of soi

and are |less sensitive to design, construction and
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operational deficiencies and uncertainties can be used. For short-term internmittent
tension |oading, as fromw nd, the problemis less critical; in this case the pile my
be designed by adaption of the procedure outlined in the previous paragraph for safety
agai nst frost heave. Again, however, the designer nmust nmake sure that there is no
possibility of unacceptable degradation or warm ng of the ground during the life of the
facility, either fromnatural conditions or frominproper practices on the part of the
facility operators, and a very conservative approach nust be taken. The decision may
rest in considerable part upon how serious would be the probabl e consequences of a
failure

g. Load testing of piles in permafrost.
(1) Pile testing in permafrost may be required or desirable to obtain data
needed for design, to verify design assunptions, and/or to evaluate various alternative

designs. In addition to nore or |less conventional |oad settlenent and extraction pile
tests, cyclic, long-termstatic load or lateral |oad tests nmay be needed under sone
conditions[ 134, 168]. 1In addition to the direct |oad capacity value of the pile test

data, considerable useful collateral information can be derived in the course of
performng a pile test program Such information may cover rates and tinmes required for
freezeback; ease of driving, augering or drilling; techniques and problenms of m xing and
pl acing slurry backfill, and supplementary foundation soil information (as from auger
cuttings). The pile |oad tests should nornally be performed during the facility design
studi es. However, they nmay al so be perforned at the start of the foundation
construction if their function is to verify design assunptions, provided opportunity for
desi gn adj ustnent exists.

(2) Wile a pile load test set-up may be based on the general nethods outlined in
ASTM D1143[ 118], the follow ng special procedures nmust be followed in testing piles in
frozen ground

(3) Al vertical instrunmentation supports shall be 2-inches or |arger pipes
driven 20 or nore feet into frozen soil and cased if necessary to isolate them from
frost heave. All instrunentation pipes shall be 8 or nore feet fromtest and anchor
piles or load platformsupports. |In addition to checking observations with an
engineer’s level, the motion of the test pile under |oad shall be frequently nonitored
by dial gages having 0.001- inch subdivisions and having 2 or nore inches of travel. At
| east three such dials shall be used on round piles, at 120 deg. intervals, and four
dials on other piles. Al dials shall be equally spaced and equi-distant fromthe pile
center, on a common horizontal plane. The dial gage support beam shall be roller-
supported at one end to avoid bending of the beamas a result of thermal expansion and
contraction forces. During the |oading and unloading of the pile the dials shall be
observed at sufficient time intervals to permt the plotting of accurate settlenment vs
time and settlenment vs |oad data to 0.001 inch. The dial gages and their supports shal
be conpletely protected fromdirect sunlight, and fromprecipitation and wind, by a
suitable shelter. The shelter nust be ventable to minimze the buil dup of heat during
the day. As nearly uniformtenperature as practicable should be sought within the
shelter. Air tenperatures within the shelter shall be observed at |east hourly at the
instrunentation level. Gound tenperatures with depth at test piles shall be nonitored
daily to establish the rate of freezeback following installation and the tenperature
conditions in the surrounding ground during the load testing period. |In winter, |oca
heati ng shall be used as necessary to avoid the possibility of frost formati on on
i nstruments and consequent mal function (ordinary electric light bulbs are often the nost
conveni ent source of such heat). Al load increments shall be added with care to avoid
produci ng i npact overl oad.

(4) For a site where little or no previous pile bearing capacity information is
avai l abl e, a m ni num of one exploratory pile |load test and one verification pile |oad
test (see below) should be performed during design investigations. Only a verification
pile load test during design or at start of construction may be necessary if previous
pile bearing capacity information is available for the construction site or the soi
formation, or if the job is small and a conservative val ue has been assuned for design
load in lieu of making detailed pile bearing studies. Verification pile load tests
shoul d be nade in the construction stage on all major projects.

(5) In exploratory pile load tests the load is increased progressively in

relatively small increnents in order to define changes of a pile response with load with
reasonabl e accuracy. To obtain an estimate of pile | oad capacity, figure 4-82 should be
used along with the procedure illustrated in steps fromleft to right in figure 4-83. A

standard increment of 10 kips is assuned in the follow ng discussion. Loading should be
continued to failure, normally defined to occur when the gross settlenent reaches 1.5
inch, or to 2-1/2 tinmes the anticipated design | oad. One exanple of such a |oad test,
in which a loading rate of 10 ki ps per day was enpl oyed, has been shown in figure 4-79.
Fi gure 4-84 shows results of another test in which load increments were added at the
much sl ower rate of 10 ki ps every 4 days, except for a nunber of |oads which were held
for longer periods, up to 12 days. Figure 4-84 has been prepared with an expanded
vertical scale in order to show the deflections which occurred under the individual |oad



increments. The cunul ative deflection curve AC shows about 0.16 inch greater deflection
at the maxi mum | oad than that (at point B) conputed fromthe assuned |oad distribution
pattern, shown on the figure. This difference cor-
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responds approximately with the permafrost displacenment remaining at point E after
renoval of the load, Cto D, and conpletion of rebound. At a practical working |oad of
about 72 kips, obtained by dividing the ultimate |oad (as defined at the end of this
par agraph) of about 180 kips by a factor of safety of 2.5, relatively good
correspondence may be observed between the computed el astic deflection (curve AB) and

t he observed deflection (AC).

(6) To provide neaningful test data, the false capacities achieved by rapid rates
of | oading should be avoided by limting the rate of load increase. The required tinme
interval between | oad increments increases with increase in length of pile enbednent,
decrease of permafrost tenperature, and increase in relative intensity of |oading. For
pil es of less than about 20 feet enbednent, in pernafrost warmer than about 24 deg. F
| oad i ncrements should be nmaintained for at least 72 hours. It is sinplest to use a
uni form peri od between additions of |oad increments throughout each test. For |onger
piles or |ower permafrost tenperatures, it nmay be necessary to use longer tine
intervals; this nust be deternmined by test. Figure 4-85 shows the effect of tinme
between | oad increnents on tangential adfreeze bond failure stress on 6-inch steel pipe
piles of 11 to 12 feet enbednent in permafrost installed in augered hol es backfilled
with silt-water slurry, tested at permafrost tenperatures down to 23.5 deg. F. It wll
be apparent that for 10,000-1b increments held | ess than about 72 hours, measured bond
strength values for these piles tend to be too high, requiring application for
correction factors obtained fromthese curves to reduce the results to |long term val ues.
Simlar relationships my be assunmed |o apply for other types of piles. Thus, the
observed ultinmate adfreeze bond strength obtained in the load test on a steel pile shown
in figure 4-81 is too high because the 10-kip increnments
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[retrieve Figure 4-85. Effect of rate of |oading and tenperature on adfreeze strength
of steel pipe piles]

were only held one day. However, that obtained in the test shown in figure 4-84 with
each increment held at |east four days requires no correction. A continuous record of
def ormati ons shoul d be obtai ned under each | oad increnent and continuing deformation
rates at ends of the increment periods should be plotted against |load to assist in
determ nation of the | oad | evel at which excessive creep deformati ons begin. However,
it should be kept in mind that stress redistribution along the Iength of the pile under
an increnent of |oad may continue far beyond a period of even three days and that such
readi ngs should not be assunmed to quantitatively represent creep rates under long term
steady | oad. The |oad nay be conpletely renmoved at intervals during the |est and the
rebound of the pile noted. The rebound of the pile after the naxi num | oad had been
rel eased should be observed for at |east 24 hours. The deformation of the pile after
rebound (point E in fig. 4-84) is known as the net or plastic deformation. The
al gebraic difference between the total deformation and the net settlenent (difference in
defl ection between C and Ein fig. 4-84) is known as the elastic deformation of the pile
and soil. The net or plastic deformation of piles in permafrost rarely exceeds 0.50
inch before conplete failure of the pile.
(7) As shown in figure 4-84, analysis is aided by conparing the observed
deformations with the conputed pile shortening. Conparison may al so be made with
equi val ent end bearing piles. Such analyses give indications of the Iength of pile
actively supporting |load and assist in recognition of failure situations.

(8) A value of failure or ultimate | oad should be deternmined fromthe |oad
test results. A nunber of common criteria for selection of failure load are listed in
TM 5-818-1/ AFM 88-3, Chapter 7[5]. The nost appropriate of these for tests in frozen
ground is that which defines the failure or ultimate |oad as the | oad indicated by
i ntersection of tangent lines drawn through the initial, flatter portion of the |oad-
deformation curve and through the steeper part of the sane curve. Adjustnent to the
critical design tenperature should then be nmade if required, using the data shown in
figure 4-82 and the all owabl e design | oad should be conmputed by application of a factor
of safety as indicated in h bel ow

(9) If the length of tinme required to performan exploratory |oad test as
described is unacceptable, an alternative approach is to perform simnultaneously severa
verification pile | oad tests as described below, with | oad val ues selected so as to
positively bracket and establish the acceptabl e design |oad.

(10) In verification pile load tests the pile nay be | oaded to the design
load in a single increnment and then to 2-1/2 tines the design load in a second
increment, all other requirements renmining the same as for an ex-
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ploratory |load test. Two exanples of deflection nmeasured under single-increnent |oads
are shown in figure 4-86. The nuch |onger stress adjustnment tinme required for the

| onger pile A |oaded to 120 ki ps and enbedded in 24 deg. F permafrost, as conpared to
the shorter pile B, |oaded to 60 kips and enbedded in 30.4 deg. F permafrost, is readily
apparent. |If significant continuing deflection is still occurring 72 hours after
application of the design |oad increnment, observations should be continued until a firm
concl usi on can be drawn as to whether or not the pile will be safe agai nst excessive
creep deformati on under the design load. It is not necessary for the rate of deflection
to drop entirely to zero. Normally proof of safe bearing capacity will not be a problem
because the design | oad, which includes a factor of safety, will be conservatively |ow
Application of the second increnent, increasing the load to 2-1/2 tines the design | oad,
is intended primarily to provide a further check on the validity of the design | oad.
Def |l ecti on neasurenments normally need not extend beyond 72 hours for this second
increment, regardless of rate of continuing deflection. Internediate increments of |oad
between these two nay be used if time and other constraints permit.
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h. Factors of safety.

(1) On the basis of failure | oad determination frompile |oading tests (g(5)
above) the factor of safety of friction type piles against ultimte failure should be at
| east 2.5 for dead | oad plus normal live load and 2.0 for dead |oad plus maxi numlive
load. Since ultimate adfreeze bond strength is about 1.4 tines the sustainable, the
factor of safety of 2.5 provides a factor of safety of about 2.5 divided by 1.4 equal to
1.79 with respect to the sustainable strength, on a gross basis. Wen the allowable
design load in equation 14 is conputed analytically (f(1) above) the gross factor of
safety against ultimate failure contained in the resultant value Qta+ should not be |ess
than 3.0. These criteria apply for piles of average | ength of enbednent in permafrost,
i.e., 15 to 35 feet.

(2) Factors of safety for end bearing piles should be the sane as in TM 5-
818- 1/ AFM 88-3, Chapter 7[5].

(3) Because, as shown in figures 4-44 and 4-45, peak frost heave forces act for
only a fraction of the year, avoidance of rupture of the adfreeze bond in permafrost
under peak stresses is a nore critical problemin considering pile safety against heave
than is progressive upward novenent under stresses of creep levels. The sane is true
for piles subject to intermttent external tension |loads. |If rupture of the bond
occurs, major upward di spl acement may be expected, which, as noted in f(3) above, is not
likely to stabilize. These types of loading are also | ess predictable in nmagnitude than
downwar d conpression type | oadings. Under intermttent tension or frost heave | oading
of piles, factors of safety of 2.5 and 3.9 with respect to failure | oads deterni ned by
tests and by conputations, respectively, should be applied in equation 15 to forestal
failure. These values should al so be used for other types of foundations when critica
stressing is in tangential shear of adfreeze bond.

4-9. Grade Beanms. Grade beans or similar horizontal structural nenbers placed at or
just bel ow ground | evel, which nmay be subject to uplift, should be avoi ded when frost-
susceptible soils are involved. Instead, full foundation type walls should be
substituted. |In theory, an alternate procedure is to replace the soil at the grade-beam
|l ocation for the full frost depth with non-frost-susceptible material for sufficient

wi dth so that the non-heaving soil under the beamw Il not be carried up by heave of the
adj acent soil. However, no rational procedure for determ ning the required w dth of
non-frost-susceptible material is yet avail able.

4-10. Walls and retaining structures.

a. Bridge abutnents, retaining walls, bulkheads and simlar structures with unheated
foundations are susceptible to frost heave, settlenment and overturning forces, when the
requisite soil, noisture and freezing conditions are present. They are subject to upward
frost thrust acting directly against horizontal foundation surfaces and on vertica
surfaces by adfreeze bond of the seasonal frost layer to the structure. They are also
subject to lateral thrust fromlaterally acting frost heave forces; as indicated in
figure 4-42, frost heave develops in a direction directly opposite to the direction of
frost penetration. If freezing tenperatures penetrate through a vertical face, such as a
wal |, water migration, ice lensing and frost thrust will be oriented in relation to the
vertical surface in the same manner as they are to a horizontal surface when frost
penetration is dowward. The force devel oped can be sufficient to nove or break the
wal | .  Progressive snall novenents, year after year, can produce substantial pernmanent
tilt, because forces during the thawing period do not act to return the structure toward
its original position, as is the case, for exanple, for pavements. For these reasons,
the design of walls and retaining structures requires even nore care than the design of
conventional footings. The nost satisfactory nethod is to place a backfill of non-
frost-susceptible material directly behind and adjacent to the wall structure, as shown
in figure 4-87a, b, to a thickness equal to the depth of frost penetration, using, if
necessary, a 12-inch filter layer next to the fine-grained backfill. |If differentia
frost heave woul d cause a problemon the ground surface at the edge of the non-frost-
suscepti ble backfill, the latter should be tapered out over sufficient distance
to elimnate the problem Positive drainage of the backfill should be provided;
however, the possibility that the drai nage system may be bl ocked by freezing during a
significant part of the year must be taken into account in the hydrostatic pressure
desi gn assunptions for wall stability analysis.

b. The chart shown in figure 4-88 may be used to estinmate the depth of backfil
requi red behind concrete walls in order to confine seasonal freezing to the backfill.

For average wall conditions (assum ng essentially vertical wall faces) with average
exposure to the sun, a surface freezing index equal to 0.9 of the air freezing index
shoul d be used. The n-factor of 0.9 is greater than the 0.7 used for pavenents kept

cl eared of snow because of the nore positive freedomfromthe insulating effects of snow
and ice, because of 3-dinensional cooling effects associated with a wall and enbanknent,
and because of increased cooling effects of wind. |If the wall receives no sunshine
during the freezing period, is exposed to substantial w nd and remains free of snow or



ice, an n-factor of 1.0 should be used. |If the wall is located in a southerly latitude,
has a southerly exposure and therefore receives much sunshine, the n-factor may be as
low as 0.5 to 0.7; however, in very high latitudes, the net radiational heat input may
be very snmall or negative and the n-factor nay be 0.7 to 0.9.

The chart nmay al so be used for estimating the depth of frost penetration vertically into
granul ar soil bel ow a
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[retrieve Figure 4-88. Thickness of non-frost-susceptible backfill behind concrete
wal | s]

4-146



TM 5- 852- 4/ AFJMAN 32-
1087
snowfree horizontal ground surface; for bare ground, for exanple, the surface freezing
i ndex woul d be taken as 0.7 of the air freezing index and the chart woul d be entered
with zero wall thickness. |If it is necessary for a wall or retaining structure to be in
contact with frost-susceptible soil over all or part of its height under conditions
where freezing direction is vertical rather than lateral, some nodification of frost
uplift nay be provided by battering the face of the structure as nmuch as possible.
Heaving soil will then tend to break contact with the wall as it is lifted and thus
limt the area of adfreeze contact. It should not be assuned that this will elimnate
uplift forces. Anchorage against the uplift forces should be provided by such nmeans as
extending the batter well down bel ow the zone of frost penetration. and/or by using an
adequat el y wi despread base. |In any case, sufficient reinforcing steel nust be
incorporated in the concrete to sustain tensile forces devel oped therein without
cracking of the concrete in tension by extension of the reinforcenent.
c. Inlieu of placing the base of the wall deep enough in the ground so that
freezing cannot penetrate under it into frost-susceptible soils, it nmay sonetimes be
feasible to support the structure on piles just above the ground, "daylighting" the base
sufficiently to provide roomfor upward expansi on of the heaving soil. However, risk is
then present that this space nay be elininated by settlenent, or by deposition of
material within the gap by water or wind, and be unable to function when needed. This
is particularly true if the structure is a bridge pier subject to mvenent and
deposition of material by stream fl ow
d. Figure 4-87c shows a type of design which minimzes many of the probl ens
i nherent in wing or box type bridge abutnents. Although it nmay require special
attention to slope stability and erosion control and it requires a | onger supported
span, it reduces the frost design problens of retaining structures to a mni num and
offers much in sinplicity.
e. Stability of walls and retaining structures nmay be conputed using earth
pressure anal ytical techniques as presented in TM 5-818-1[ 5] .

4-11. Tower foundati ons.

a. Towers for transm ssion |ines, conmunication antennas, cabl eways or other
pur poses are commonly either self-supporting as shown schematically in the |l eft hand
di agrans of figures 4-89 and 4-90 or guyed as indicated in the right hand di agrans of
figure 4-89 and the right hand portions of figure 4-90a,b. When bank-run gravel is
avai |l abl e, designs of the types shown in Figure 4-89 may be considered. Figure 4-90
shows a nunber of possible types of foundations requiring little or no granul ar non-
frost-susceptible materi al
b. A tower supported on top of the annual frost zone will experience frost

heave if the freezing soil is frost-susceptible and noisture is avail abl e. Depending on
the design and purpose of the tower, the seasonal vertical nmovenent nay or nmay not be
detrinmental. |If the heave is differential between footings supporting the tower, the
tower will tip and/or the structure will be unevenly stressed. For a radar or

comruni cation tower, loss of orientation may be critical. |If the tower is guyed, the
guys and/or the guy anchors nay be overstressed. Sonme may becone slack. Differentia
footing settlenments may occur during thaw weakening in spring. |If the tower is on a

sl ope, progressive downsl ope novenment may occur w th successive cycles of freeze-thaw
c. Ganular material may be used as illustrated by figures 4-89 and 4-91 to

control or even elimnate detrinental vertical novement. The sinplest approach, as
shown in figures 4-89a,b, is to support the tower on a granular mat placed on the
surface. Because of the intensity of the winter cold, it is usually inpractical in
arctic and subarctic regions to attenpt to nake the mat thick enough to conpletely
prevent frost penetration or heave in the underlying frostsusceptible material
particularly when the mat is naturally well-drained, as in figures 4-89a,b, though this
may be possible in sone seasonal frost areas. However, as described in paragraph 2-5,
the magnitude of frost heave may be substantially reduced by a relatively nodest
surcharge, consisting of the weight of the gravel plus the load fromthe structure. For
sone situations, the thickness of gravel may therefore nmerely need to be nade sufficient
to reduce frost heave to an acceptable | evel, assum ng the design is not sensitive to
possible differential effects.

d. In the type of design shown in figure 4-89b, the footings are placed at the

natural ground surface instead of on the mat. |If the mat densities and thicknesses are
the same, the potential for heave reduction by surcharge will be the sane in figure 4-
89a and b. However, safety against overturning of the selfsupporting tower will be
greater in figure 4-89b because of the |load of the mat on the footings. There is
greater possibility in figure 4-89b that the soil under the footing may be overstressed
during spring thaw weakening. To reduce this possibility, as well as to provide a
wor ki ng surface and to make sure that footings will not get "hung up" and fail to settle
conpletely back to original position on thaw, it is desirable to specify a shall ow
granul ar pad i medi ately bel ow the footing as shown in figure 4-89b. More steel is



required in the figure 4-89b schene than in the figure 4-89a design, placenent of gravel
around the structural menbers requires special care, and protection of the buried steel
agai nst corrosion is nmore conplicated; this schenme is thus nore expensive.

e. If in the figure 4-89b design the footings were to
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be placed within the frost heaving material, the possibility would exist that the
footi ng woul d be noved progressively upward with successive annual cycles of freeze and
thaw, in the sanme way that boul ders work upward in the seasonal frost zone. Therefore,
where foundation soils are frost-susceptible, footings nust be placed either on top of
the frost-susceptible material or granular mat or bel ow the zone of seasonal frost,
never in between. If in the case shown in figure 489b, the footings were to be pl aced
bel ow t he seasonal frost zone, care would have to be taken that the direction of frost
heave and the axes of the structural nenbers within the annual frost zone had the sane
orientation so that the heaving soil could "slide" on the structural nenbers. In hilly
country this requirenent m ght be inpossible to achieve. O course, the structura
menbers woul d al so have to be free of projections or obstructions and woul d have to be
desi gned, together with the footings, to resist the heave forces generated in them

f. The sane concepts as involved in figure 4-89b are also represented in the

approach shown in figure 4-89c. On the plus side, the latter design offers the
addi ti onal advantages that noisture content of the granular fill will tend to be higher
and the total seasonal frost penetration less than in the figure 4-89b case, because of
t he poorer NFS drainage situation, the footings rest on naterial not subject to freeze
and thaw which thus will retain its bearing capacity and snow cover will devel op
relatively normally because through the year the backfill is flush with the surrounding
ground. However, the scheme has the inherent disadvantages that the additional cost of
excavation and renoval of material in the annual frost zone is bound to nake this schene
nor e
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expensive than that in figure 4-89b (which in turn is nore costly than that in fig 4-
89a), and unless the mat is of substantial dianeter there is a real possibility that the
frozen moist granular mat, formng a relatively continuous slab with the adjacent frozen
soils, may be lifted by heave of these surrounding soils. |If such lifting is possible,
careful analysis of possible frost heaving forces on the bottom structural menbers of
the tower or of possible lifting of the tower itself will be required.

g. The center and right hand diagrans in figure 4-89d show the sane mat and footing
arrangenments as in figure 4-89a except that the mat is placed bel ow the surface, to gain
the advant ages of higher noisture retention potential and correspondi ng reduced frost
penetration. The disadvantages are the sane as expl ai ned above for figure 4-89c except
that possi bl e heave forces on the nonperpendicul ar bottom structural nenbers are
avoi ded. The sel f-supporting design also | acks the added safety agai nst overturning
provided by | oad of the mat on the footings. The left hand di agram of figure 4-89d
illustrates how the design might be further conmbined with the mat in figure 4-89a to
further increase the surcharge and better control frost penetration
h. The devel opnment of frost penetration and frost heave in above-surface and
bel ow surface granular mats is illustrated diagrammtically in figure 4-91 for three
relative depths of frost penetration, disregarding possible effects from non-uniform
snow cover. In figure 4-91a, freezing has only partially penetrated the nat and there
is no frost heave in the interior of the mat. In figure 4-91b, frost penetration has
reached the bottomof the mat but frost heave of the mat is confined to the shoul ders.
In figure 4-91c frost has penetrated below the mat; the entire mat has lifted and the
surface is dish shaped. At the sanme tinme heave of the natural ground tends to be
restrai ned near the mat; heave at the mat is less than it would have been wi thout the
mat. Because the transition zone conditions at the boundary of the mat devel op
gradual ly over the winter, upward bending of the frozen granular material may occur by
creep

i. It will be apparent fromthese diagrans that tower footings should be |ocated a
prudent distance away fromthe nat boundaries in order to mnimze frost heave probl ens.
No tower footing edge should be closer than 5 feet to the top edge of the granul ar
embanknent under average conditions.

j. Although some guidance in selection of mat thickness is given in paragraphs

2-4, 4-2b, and 4-2e, it is difficult to estimate the actual maxi nrum frost heave
accurately, even at the center of the mat, in the present state-of-the-art. For

exanmpl e, the projection of a mat above the surface, as shown in figure 4-89a, wll

affect the thickness and uniformity of snow cover devel oped |ocally, but the exact
effect of the variable snow accunul ation on frost penetration under the interior of the
mat is difficult to predict. It is even nore difficult to predict effects in the
perimeter transition zone. For both above-surface and bel owsurface mats there is at
present no rational technique for analytically determ ning the pattern of vertica
deformation in this zone or of the diameter of mat required to isolate the footings from
the upward thrust of the surrounding frost heaving materials.

k. Therefore, for designs which require frost heave to be predicted with a

hi gh degree of confidence, prototype/scale test installations should be constructed
under representative field conditions; heave and frost penetration should be neasured on
these in at |east one winter, correlated with soil noisture and freezing conditions, and
projected to the worst anticipated winter conditions during the life of the structure.

I. Figure 4-90a shows, schemmtically, tower foundation designs for non-frost-
susceptible foundation materials using surface footings. Since these are little
affected by freeze and thaw except for thernmal contraction and expansion of the ground
surface, foundation designs nay be essentially the sane as in non-frost areas.

m In figure 4-90b, footings in a frost-susceptible foundati on are shown placed at a
| evel bel ow the zone of seasonal freeze and thaw. |In seasonal frost areas, these
footings may rest directly on natural soil. In permafrost areas a granul ar working
surface of nom nal thickness should be enployed directly under the footing. By
backfilling over the footings with the same material as that renmoved, the depth of
seasonal frost penetration under the tower will experience m nimum change fromthe
natural conditions, the major renaining cause of
di fference then being the effects of destruction of the surface vegetation during
construction. |If the soils have high noisture holding capacities, the depth of frost
penetrati on, and hence the needed depth of excavation, will be a mininum As shown in
figure 4-90b, however, the structural nenbers passing through the frost zone nust
parallel the direction of frost heave; this requirenent may make this type design
inmpractical in hilly country. Sonetinmes it nay be possible to modify the topography
locally, in the area of the foundation, sufficiently so that all frost penetration will
be verti cal

n. Figures 4-90c and d show details of two possible alternate footings. Figure 4-90c
illustrates the use of two tinber courses to provide a firm seminsulating working
surface and footing base. In sone areas, tinber nmay be nore readily avail abl e and nore
easily handl ed than gravel. Figure 4-90d shows a steel grillage resting on a shallow
gravel working course. |If the backfill is frost-susceptible, frost heave forces acting



on the vertical nenber of the foundation in figures 4-90c and d nust be anal yzed and the
footings designed so that they
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of fer adequate resistance agai nst being pulled upward in wnter

0. Figure 4-90e illustrates a pile foundation with flanged sl eeves to isolate

the piles fromfrost heave forces. The sleeves nmay be onitted if adequate pile
enbedrment in permafrost or other provisions against uplife are provided. Sleeves and
ot her techniques for providing heave force isolation are discussed in greater detail in
par agr aph 4- 3l

p. The tinber crib foundation shown in figure 4-90f has been used successfully

for pole lines in difficult marginal permafrost terrain. Pole lines are further

di scussed in TM 5-852-5[ 13].

4-12. Bridge foundations.

a. Foundations of bridges which do not cross water bodies should be designed using
the previously described criteria for walls and retai ning structures (para 4-10),
footings and piers (para 4-7), and piling (para 4-8), as applicable.

b. Bridges over water bodies in pernafrost areas tend to involve difficult

speci al problenms because the pernmafrost conditions are substantially altered near and
under the water. As shown in figure 4-92, the pernafrost table tends to be depressed
under a water body; under a nmmjor water body, permafrost nmay be absent except very cl ose
to the shore. Tenperatures of pernafrost near and under the water also tend to be

war ner; especially in areas of margi nal permafrost, permafrost tenperatures at the
ground levels in which foundations are supported nay be very close to or at the nelting
point. WAiter noving in thaw zones beneath and adjacent to the water body nay cause an
extrenely conplex and uncertain therrmal regine pattern. Little or no capacity for
natural freezeback of piles nmay be available and the tangential adfreeze strength that
can be safely relied on may be very low. Footing-type foundati ons encounter substantia
risk of settlenent from slight changes in the subsurface thermal regine.

c. For all these reasons highway and railroad bridge foundations in pernmafrost

areas have been a continuing source of difficulties. In marginal permafrost areas,
desi gns of stable piers and abutnents are anong the nost chal |l engi ng engi neering
probl ens which nmay be encountered in pernafrost areas. |In order to support these

facilities on relatively stable frozen naterials, pile foundations are conmonly
enpl oyed[ 48, 50]. However, because of uncertain or inconplete freezeback, the frequency
of serious frost heaving of pile bridge foundations has been very high. On the Al aska
Rai | road for exanple, wood piling of many of the bridges is heaved every year
Pewe[ 180] has reported that this heave reaches as nuch as 14 in./yr and the el evation of
the track is seriously disturbed, naking necessary reduction of speed to avoid
uncoupling of cars or shifting of cargo. Tops of piles are trinmed off each sumer,
resulting in progressive reduction of enbedded | ength. Mintenance requirenments are
substantial and periodic replacenent of piling and even changes of alignnent are
required. At sone bridge sites, the stubs of several "generations" of piling which have
been successively abandoned may be seen

d. Especially careful and detail ed subsurface exploration should be carried out at
proposed bridge |ocations to assure the nost favorable bridge alignment and positioning
of the foundations and to provide the information required for thorough and pai nstaki ng
foundation design of these vital facilities. Positions of the permafrost table and any
residual thaw zones should be carefully determ ned. The anpbunt of any excess ice in the
ground shoul d be carefully ascertained using refrigerated drilling techniques, and the
subsurface tenperature conditions should be determ ned.

e. The presence of frozen ground should not be assunmed to preclude scour; fine-
grai ned permafrost soils are often very highly susceptible to erosion upon thaw and the
effects of floods may be substantial, particularly directly adjacent to piers placed in
t he streans. Al so, the gouging action of floating ice often has a powerful eroding
effect on stream banks. Since streamflow and thermal regime patterns may change
substantially and unpredictably over the life of a bridge, and hydrologic data are often
grossly inadequate, bridge foundations should be placed at depths which are
conservatively safe with respect to usual criteria for safety against undercutting
Stationary ice sheets[116], ice jans, and ice sheets and ice cakes noving with various
velocities of flowing water or blown by wind and with various angles of attack, can
exert very substantia
pressures on foundations placed in the water. Foundations and piers should be
positioned and shaped so as to minimze the effects that these forces can exert on
exposed nmenbers of the foundation and designed with sufficient arnor and strength to
resist the forces which may then still occur. Mchel[78, 79] and Dunhani 140] present
useful discussions of this problem Davis has reported on rock fill and sheet pile
construction exposed to sea ice in Thule Harbor[54]. Techni ques for design of structures
against ice forces are in early stages of devel oprment.

f. lcing or the progressive accunulation of ice in winter by freezing of seepage or
stream flow on the surface is unlikely to contribute any structural |oadings to the
foundation if the ice rests directly on the ground, although it may significantly reduce



the hydraulic capacity of the bridge opening. However, if the ice build-up occurs on
floating ice, a downward thrust on the foundation may be exerted in w nter because of
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[retrieve Figure 4-92a. Ceologic sections at two Al aska railroad bridges in CGol dstream
Val | ey near Fairbanks, Al aska]
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[retrieve Figure 4-92b. GCeologic sections at two Al aska railroad bridges in Col dstream
Val | ey near Fairbanks, Al aska]
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adherence of the ice to the pier, either fromthe increasing accunul ati on of ice above
the water | evel or by lowering of the water level with decreasing streamflow. On the
ot her hand, raising of the water level in the spring can cause a |large upward thrust on
the pier fromthe buoyancy of ice adhering to the pier or bearing agai nst connecting

menbers. |In tidal areas the adherence of sea ice sheets to piers or piles at lowtide
may not only cause spalling or other direct structural danage but may cause themto be
jacked up by the buoyant force of the ice in the succeeding high tide. |In coasta

Connecticut, piles for a waterfront structure were pulled out of the ground in one
winter by this action. Wen such uplift is possible, piers, caissons, or piles should
be kept entirely snmooth, w thout projection or cross-bracing, in the levels at which ice
may act, and rmust have sufficient depth of enbednment or other anchorage to resist such
uplift forces as can devel op

g. |If the foundation is supported on frozen ground, short duration forces such as
wind gusts are likely to be of little consequence because design for long termstability
will have automatically introduced |arge factors of safety relative to short term
| oadi ngs. However, any | oadings which can act relatively consistently over substantia
periods rmust be taken into account in the design |load assunptions. |In all cases carefu
anal ysis of frost heaving forces is required (para 4-3l) and a safety factor against
heave nust be provided (para 4-8h). As shown in figure 4-41, which represents a
relatively stable bridge for subarctic conditions, bridge foundations tend to be

continuously in nmotion due to seasonal effects. |If progressive frost heave occurs, or
if allowabl e bearing stresses are overestimted and settlenment occurs, novenents nay be
progressive and nuch greater in magnitude, as well as differential. Because of these

ever-present possibilities, types of bridge span structures which are especially
sensitive to foundation novenents shoul d not be enployed in arctic and subarctic areas
unl ess stabl e foundations can be provided with conplete certainty.

4-13. Cul verts.

a. Criteria for design of flexible and rigid pipe culverts, for required depths of
pl acement of culverts and of required depths of cover bel ow pavenents are given in TM 5-
820- 2/ AFM 88-5, Chapter 1[8] and TM 5-820-3/ AFM 88-5, Chapter 3[9]. The probl em of
icing in culverts is discussed in TM 5-852-7/ AFM 88-19, Chapter 7[15].

b. The problens of thermal stability of culvert foundations are sonewhat simlar to
those of bridges in that the presence and flow of water causes a special thernmal regine
under the structure. |If the culvert is a large one and carries water flow during nost
of the year, the frost penetration pattern may be substantially altered locally. |If the
culvert is constructed in a natural drainageway, a special, relatively stable thermal
pattern may al ready exist before construction and a condition of substantial seepage
flow through the soil under the culvert |ocation nay already have been established. For
this reason a natural drainage site is nearly always preferable. |f the culvert is cut
into an area which has not previously carried such flow, a new thermal reginme will begin
to develop; if the culvert is cut into permafrost containing ground ice, thaw will occur
in sumer into the soil surrounding the culvert structure fromthe effects of both the
heat in the water flowing at the bottomof the culvert and the exposure to above-
freezing air tenperatures. Since the surface of ponded water exposed to the sun in
arctic and subarctic areas may reach tenperatures as high as about 70 deg. F in the
sumrer, heat input fromthe water may be substantial. |f pernafrost containing ground
ice underlies the culvert, catastrophic settlenent can be produced in a single sumer.
Not only may the culvert structure be danaged by | oss of support, but the water may
begin to pass under the structure instead of through it, leading to even nore rapid
collapse. If the flowis derived primarily fromsnow nelt or emergence of seepage from

thawi ng ground, it may be close to 32 deg. F. |If the water before reaching the cul vert
i s experiencing net heat |oss by radiation to the sky, it may even contain frazil ice
particl es.

c. Intruly arctic areas it is possible to construct a stable culvert cut into

per mafrost by placing sufficient non-frost-susceptible backfill under and around the

cul vert structure so that thaw will be confined to this material in sumer,

with thawed material refreezing in the following winter. Required depth of gravel may
be conputed by analysis nmethods outlined in TM 5-852-6/ AFM 88- 19, Chapter 6[14]. It
wi Il be necessary to determine not only the shaded air tenperature but also the
tenmperature of the water flowing in sunmer in the culvert and to conpute thaw
penetrati ons separately for these conditions using techniques for two-di mensional radia
heat flow analysis. The only accurate way of determi ning the tenperature of water which
is flowing in a culvert is by actual neasurenent during a sunmmer season. Wen in doubt,
t he designer should nake certain that any error is on the safe side. Insulation may
soneti nes be econom cally substituted for part of the non-frost-susceptible materi al

In margi nal permafrost areas, however, it may not be possible to achieve essentially
conpl ete freeze-back in winter and thaw will then be progressive. Insulation can slow
but not prevent this. In this case, if unacceptable settlenent would otherw se result,



the designer should consider use of only established drai nageways where reasonabl e
thermal stability has been naturally achieved, use of pile-supported bridges instead of
cul verts, or conplete excavation of the thaw susceptible materials and repl ace-
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ment with non-frost-susceptible material. For nonpermanent facilities it may sometines
be necessary to accept heavy mmi ntenance costs, however.
d. If foundation soils are susceptible to settlenment on thaw, thermal analysis

shoul d be nade of the proposed cul vert, adapting the methods of TM 5-852-6/AFM 88-19,
Chapter 6[14]. The final design should provide a thernally stable condition.

e. Headwalls of culverts may be heaved, undercut, tilted and fractured by frost
action unl ess properly designed and constructed. They should be designed using the sanme
structural approaches as outlined in paragraph 4-10, and with conventional provisions
agai nst pi pi ng through unfrozen material under the culvert.

4-14. Anchor ages

a. Econonical construction of anchors in frozen ground is a difficult and
chal | engi ng probl em because of the nmarked tendency for anchors to yield and creep when
anchoring in a frozen soil[53] and al so because of frost heave forces within the annua
frost zone. Wile anchors in frozen soil nmay be capable of sustaining relatively high
short-duration |loads without difficulty, they can exhibit unacceptable yield and creep
under nmuch lower |long-termloadings. The latter is nost pronounced when frozen ground
tenmperatures are only slightly below the freezing point. Possible long termor
transient changes in thermal reginme nust be carefully eval uated.

b. Laboratory experinents have shown that plate type anchors entirely in frozen soi
(no thawed | ayer at the surface) fail in two distinct nodes depending on the depth of
burial. Wen the ratio of depth bel ow surface divided by dianmeter of plate is greater
than six, failure of the anchor occurs by punching of the plate on a cylindrical surface
t hrough the overlying material in a manner sinmilar to that by which an overstressed
footing may punch downward into a foundation. This is illustrated in b through f of
figure 4-93. At stresses |less than those which will produce rupture under relatively
rapid | oadi ng, creep deformation will occur under long termloading in the same manner
as described for footings in paragraph 4-7. Wen the plate is buried |ess than six
times the dianmeter of the plate below the surface, failure may be expected to take place
by punching out of a truncated cone of material starting at the plate and w dening out
at a 30 deg. angle fromthe vertical, as shown in figure 4-93g. As this cone approaches
the ground surface, the angle may change abruptly to perhaps 20 deg. with the ground
surface. However, it is conservative to assunme in the analysis that the 30 deg. angle
continues to the surface. |If the anchor acts at an angle with the ground surface, the
failure surface may be expected to be altered as illustrated in figure 4-94.

c. Therefore, plate type anchors may be analyzed in the same manner as footings when
the depth of burial in frozen material exceeds six tines the plate dianeter; soi
stresses on the anchor rod should be included in the analysis. Anchors closer to the
surface than six tinmes the dianmeter of the plate may be analyzed in terms of stresses on

an assumed 30 deg. truncated cone. |In both cases, the presence of a thawed |ayer at the
surface, of distinctly different characteristics fromthe underlying frozen materi al
will usually require that it be handled as a separate elenent within the anal ysis.
d. Conventional plate, screwin type or various patented earth anchors can be
installed in inclined or vertical augered holes in permafrost with slurry or backfill of
soil-water mixture, conpacted noist soil, or crushed rock. The capacity of such anchors
is greatly increased by freezing and keeping the backfill frozen. |If the anchor relies
significantly upon the strength and resistance of thawed soil after installation, al
efforts should be directed to selection of the nost suitable backfill and the attai nment
of good conpactive effort

e. In recent years, special helical anchors have been devel oped for installation in

permafrost. These anchors often have nmultiple helixes increasing in dianmeter fromthe

bottom and are designed to resist the large torques required for installation in frozen
soil by truck- or crane-nounted power equi pnent. Conventional helical anchors used for

unfrozen soils may fail during installation by shearing the rod fromthe helix.

f. The design capacities for the various sizes and shapes of commercial earth
anchors, as published in various tables in handbooks or manufacturers’ literature for a
range of unfrozen soils, should be reduced by 75 percent for anchors in thawed soi
above permafrost. Unless protected in the annual frost zone by anti heave devices or

treated backfill, all anchors enbedded in pernmafrost should be designed so that the
anchor rod is capable of resisting 60 psi of frost thrust within that part of the rod
which will be in the annual frost layer, and a total frost uplift force would be

conput ed by assuming the average of 40 psi acting over the depth of the annual frost
zone; the latter should be added to the design tensile |oad i nposed on the anchor. For
anti -heave protection, see paragraph 431. Provisions should be made for adjusting the
tension of guy lines in both sunmer and winter, since the pole, tower or structure being
guyed and anchored may experience heave or settlement quite different fromthat of the
anchor (s).

g. Conventional netal expanding anchors should not be used in frozen soil or
in rock containing ice as the extrenely high | ocal stresses devel oped with such anchors
cause rapid plastic deformation and creep in the ice conponent. Only anchors which
devel op very |ow | evel
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[retrieve Figure 4-93. Mechanics of anchor failure in frozen soils]

[retrieve Figure 4-94. Failure planes for batter and vertical anchor installation]
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stresses over a relatively large area should be used. These are essentially the sane
principles as used in design of pile foundations in frozen ground (para 48).

h. G outed anchors may be set in ice-free rock in conventional drill holes. The
drill holes will require preheating before grouting if the rock is frozen. Gouted
anchors may be installed in ice-free rock without preheating if the rock is warnmer than
30 deg. F, if high-early or other fast setting cenents are used, provided the
tenmperature of the grout is greater than 60 deg. F at the tine of placenment and the
annul ar thickness of the grout around the anchor rod is at |least 2-1/2 inches (i.e.

di aneter of hole 6 inches or greater for 1-inch rod). Enlarged bells may be augered and
integrally poured with the normal grouted rod anchors to provide additional anchor
capacity. Because of the | ow ground tenperatures, |ead was used to grout anchorages
into bedrock during construction of a nmajor antenna at Thule, Geenland, in the 1950's
to avoid the uncertainties of using portland cenment nortar under these conditions.
However, such practice is not recommended today in light of present techni ques and
capabilities for analyzing such problens.

i. Mss-gravity anchors have the advantage in cold regions that they are positive,
can always be counted on, and are free of the risk of creep. However, if placed on top
of frost-susceptible soils, the risk of frost heave and consequent vari abl e anchor
tensi on nust be considered. Mass-gravity anchors are particularly suitable where clean
granul ar or even boul dery soils exist which can be easily excavated and handl ed for
conplete or partial burial of cast-inplace or precase anchor units. Deadnen can al so be

advant ageously used to bear against frozen soil, but excavation costs are usually quite
hi gh.
j. In permafrost areas it is usually preferable to install anchors in the

winter in order to cause as little permanent thermal disturbance of the pernafrost as
possible while at the same tinme assuring rapid devel opnment of the design anchor
capacity

k. For permanent anchors in frozen ground, design should be predicated on whichever
is controlling: ultimate strength or holding creep within acceptable limts. Factors of
safety should not be | ess than those specified in paragraphs 4-4 or 4-8h dependi ng on
the type of stressing. Failure of an anchor by pull-out is nmore likely to be
catastrophic than the failure of a footing in settlement would be. Therefore, the
factor of safety against actual pull-out should also be at |east equivalent to the
factor of safety in the supported structure based on ultimte strength.

4-15. Foundations for non-heated facilities.

Foundati ons of non-heated facilities may involve special design problens,
consi derations or requirenents.

a. Non-heated buil di ngs.

(1) Tenperatures at floor level in an unheated building will depend on such
factors as roof and wall insulation, degree of ventilation, roof and wall exterior
reflectivity, and seasonal percent sunshine and are best determ ned experimentally in
conparabl e buildings in the same area. Tenperatures at floor level in an unheated
building fully open to the outside air may usually be assuned to average the sane as
standard shaded neteorol ogical station air tenperatures. For this situation, slab-on-
grade construction w thout insulation can be enployed if a mat of non-frost-susceptible
material is used, as illustrated in figure 4-95, sufficiently thick to contain seasona
freeze and thaw with nodification of the thickness of the non-frost-susceptible mat as
required by local climte, and possibly radiant heat input through wi ndows, this design
can be used under any building in any seasonal frost area or under any fully ventilated,
unheated building in any frost area. C osed unheated buildings with no nore than
nom nal ventilation tend to have warner average annual tenperatures, particularly from
absorption of solar heat in sumer. This is qualitatively illustrated in figure 4-40.
Degradati on of permafrost under this closed, insulated building (with ineffective
foundation ventilation system) only slowy decreased after discontinuance of heating.

If the average annual tenperature in the building is warm enough to cause degradati on of
per maf r ost,

the design in figure 4-95 will no longer be suitable if the foundation soils will settle
significantly on thaw. Tenperatures in an unheated earth-covered igloo or bel ow ground
structure may usually be assumed to average the sane as the ground tenperatures at the
average depth of the facility. The possibility that lighting or other electrica
facilities and body heat may introduce significant amounts of heat into closed
facilities should be considered

(2) Wiere non-frost-susceptible material is scarce or expensive or where very
deep frost penetration would require an uneconomni cal thickness of mat, the follow ng
alternatives to the designs in figure 4-95 nay be consi dered.

(a) Use of under-slab insulation to reduce the thickness of non-frost-
susceptible fill required



(b) Use of a structural floor supported by footings or piles sufficiently above
the ground so that it will be isolated fromfrost heave. This systemcan al so be used
to provide foundation ventilation to insure the col dest possible tenperature conditions
at the ground surface.

(c) Use of a gravel floor of nominal thickness directly on the natural
soil, accepting resultant frost heave.
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[retrieve Figure 4-95. Typical foundation design for unheated buil dings over frost-
suscepti bl e soil in deep seasonal frost or permafrost
ar eas]

(d) Use of a nesh-reinforced concrete floor slab with sufficient nonfrost-
susceptible material to reduce total heave to about 1 inch (assune 1/2 of this
differential), accepting sonme slab novenent and fine cracks.

b. Exterior footings and piles.

(1) Footings and piles placed on the exterior of heated buildings for support of
porches, roof extensions and unheated connecting corridors, and which receive none of
the heating benefits experienced by the main foundation, are subject to full frost-heave
effects. |In fact, because snow cover may be absent, frost penetration nay be nore than
it is farther fromthe building where snowis allowed to accumul ate. The inportance of
adequat e provi sions agai nst heave of such footings is frequently overl ooked, perhaps in
part because the construction nmeasures required seemout of proportion to the inportance
or construction cost of the facilities involved. However, the cost of repair measures
for structural danage, bl ocked roof drainage, broken glass and distorted structures may
substantially exceed the cost of adequate initial protection against heave.

(2) Foundations of this type should be constructed in accordance with the
principles outlined in paragraphs 4-3, 4-7 and 4-8. |If only small pipe colums are
required, they may be installed inside protective casings extending through the annua
frost zone with the space between casing and columm filled with an oil-wax m xture which
will permt free relative vertical novenent of the casing and columm but prevent entry
of water and dirt; the casing should have an external flange at its bottomend to
mnimze its tendency to gradually work out of the ground. The flange should be strong
enough to resist an adfreeze uplift force on the outside of the casing of magnitude as
i ndicated in paragraph 4-8. If the casing and oil wax are not used, the colum should be
fastened to a plate or footing of size sufficient to devel op the passive resistance
required to counter the frost heaving forces.

c. Exterior aprons.

(1) Wien an exterior unheated |oading platform apron, or transition pavenent
over frost-susceptible soil is connected to a structure which is heated or is otherw se
protected agai nst frost heave, difficulties frequently arise. As indicated in figure 4-
96a, heave may cause an unacceptabl e, abrupt displacenment of the apron at the junction
with the building and may bl ock outward-opening doors. It may al so cause structura
damage, interfere with drainage and thus cause icing. A pad of non-frost-susceptible
soil placed under the apron to the full depth of frost penetration and tapered in
t hi ckness as shown in figure 4-96b or ¢ will elimnate this difficulty if the nateria
can be kept well drained. |If the non-susceptible nmaterial cannot be drained and becones
saturated, however, sonme uplift can still occur as a result of expansion of water which
is trapped in the voids, on freezing. This heave may still be sufficient to block
out war dopeni ng doors if the fill is deep or is borderline in its non-frostsusceptibility
and cl earances are insufficient. |In this case, it may be necessary to construct all or
part of the apron in the formof a structural slab supported on one side of the
foundation wall of the building, and, on the other, on footing, beam or pile support,
as shown in figure 4-96d, with sufficient space under the slab so that the heaving soi
will not cone in
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contact with it. |If a beam supported near the surface is used and the outer edge of the
sl ab is heaved then hinge action will occur at the inner edge, but there will be no step
di spl acenent. In sone cases, a layer of insulation under the slab may assist in

provi di ng the nost economical solution. Another alternative way of allow ng for mnor
heave is to provide a downward step as snall as 2 to 4 inches with the apron left free
to heave

(2) In extreme climates it is considered preferable to hand doors of heated dwellings to open
i nward because of the possibility of blocking of doors by heave of exterior aprons, stairs, or
pl atforns, or by heavy snow or ice, even though this is contrary to conventional fire safety
regul ati ons

4-16. Utilidor and pipeline foundations.

Met hods of supporting utilidors and pipelines above and bel ow ground are discussed in TM 5-852-5/ AF
88-19, Chapter 5[13]. Techniques for design of the pile or other types of foundation construction
and support described therein should be in accordance with the provisions of this manual

4-17. Connection of utilities to buil dings.

a. The manner and depth at which utilities (water, sewer, electric, conmunications, etc.)

approach and enter building bel ow ground may be a factor in foundation design. It is inportant tha
provi sions be nade so that utility lines will not be sheared by heave or settlenent where they pass
t hrough foundation walls and that lines carrying water will not freeze. |In purely seasonal frost

areas, water lines 6 inches or less in dianeter should be laid with invert 6 inches bel ow the
comput ed maxi mum frost penetration depth. Larger water pipes should be laid so that the top of the
pipe is at the computed maxi num frost penetration depth. |In areas of very deep frost penetration i
may be nore economical, if the soils are non-frost-susceptible, to place the entire system of water
pi pes at nominal depth and provide continuous circulation and heat during the freezing season; for
sone situations insulation may al so be used effectively if it is protected agai nst noisture
absorption. Because of wide variations in operating conditions, it is difficult to give a sinple
rule for deternmining the mni mum depth of sewer pipes to prevent freezing. However, pipes |ocated
according to the above criteria for water pipes should nearly always be safe, as sewage | eaving a
building is normal ly appreciably warner than the water supply entering the building. However, when
water supply lines are allowed to waste continuously into sewer lines in extrenmely cold periods to
prevent water line freeze-ups, the sewage flow may be abnornmally cold. Factors affecting design of
sewer lines with respect to freezing conditions are outlined in TM 5-852-5/ AFM 88-19, Chapter 5[ 13]
and T™M
b. As illustrated in figure 4-97a, utility lines passing through the seasona
frost zone should be oriented parallel to the direction in which frost heave a acts. Anchored fros
i sol ation sleeves should be installed if materials are frost-susceptible. Wen utility lines enter
a facility laterally below ground level as in figure 4-97b, they should be placed bel ow the
antici pated depth of seasonal frost penetration to avoid shear at the interface. Wen backfill is
pl aced under utility lines it of course nust be conpacted in accordance with standard provisions to
avoi d settlement. However, precautions nust be taken to prevent freezing and ice segregation in
such fill during placerment if the soil will later thaw. It is inpractical to attenpt to estinate
the anmpbunt of such frost heaving and to pre-position utility Iines in order to allow for consequent
| ater settlement on thaw

c. In permafrost areas utility lines nost commonly run above the ground surface and connections
into buildings are relatively easily effected, although specific provisions to pernmit relative
movenent are often needed. |If placenment of utility lines below ground is desired in pernafrost
areas the possibility of shearing of the lines by relative novenent at the foundation wall nust be
considered. If the utility line is laid within permafrost, the possibility that pernmafrost
degradation and foundation settlement may | ater occur nust be carefully examned. |If placenent of
the utility line in the annual frost zone overlying permafrost is considered, both thaw settl enent
and frost heave effects
may have to be contended with, depending on the type of soil. |If there is any possibility that suc
a belowground utility Iine may be subject to shearing action at the foundation line, it nust eithe
be laid within a surroundi ng conduit of |arge enough dianmeter to isolate it from any possible
shearing action or it rmust be brought above the ground outside the foundation and enter the buildin
t hrough a conventi onal above-ground connection

4-18. Drainage around structures.

a. Considerabl e pernafrost thaw danage can be caused to foundati ons by seem ngly insignificant
anounts of water entering or noving through unfrozen ground under and near structures. \Were
groundwater flowis a potential threat to thernmal stability of foundations, a substantial analysis
of groundwater flow may be required, including possibly the use of dye to trace directions and
velocities. In fine-grained soils, seepage flowis slow and may anmount to only a few inches or fee
per year, but in coarse gravels flow in the annual thaw zone as high as about 2500 ft/hr has been
measur ed[ 105]. If such groundwater flowis in contact with a source of warmwater such as a | ake o



pond, substantial disruption of thermal regines and nelting of pernmafrost may result. Wter
tenmperatures at the surfaces of shallow ponds and | akes in permafrost areas have
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[retrieve Figure 4-96. Exterior apron design]
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[retrieve Figure 4-97a. Utility connections to buildings. (Unheated facility on apron)]

[retrieve Figure 4-97b. Uility connections to buildings. (Lateral utility connections.)]
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been measured as high as 70 deg. F in the sunmer. Because of its high specific heat, even
relatively cold water may have significant thawi ng capacity as denonstrated by the use of cold wate
to pre-thaw gravels and to renove frozen silt by sluicing in gold mning operations. In the warmer
per maf rost areas thaw zones readily devel op under surface drai nage channels; even tenporary wastage
of water on the surface during construction may produce thaw zones 10 or 20 feet deep which may
remai n unfrozen for decades thereafter. Wells drilled through permafrost should not be allowed to
di scharge indiscrimnately on the ground surface in permafrost areas. Wter absorbs solar radiatio
much nmore effectively than soil. Therefore, care nust be taken in permafrost areas to sl ope
surfaces at and near facilities so that surface water fromsnow nmelt or rainfall is drained away an
ponding is positively prevented. Wastewater from buildings, particularly hot water such as waste
st eam condensate, mnust never be allowed to discharge on or into the ground near a pernafrost
foundation, even in small anpbunts. Good surface drainage is also inmportant in seasonal frost areas
to minimze frost action. |In permafrost areas, natural subsurface seepage patterns in the annua
thaw zone shoul d be considered during site selection to avoid problem | ocations. However, it my
al so be possible to nodify or control subsurface flow by judicious use of techniques for locally
raising the permafrost table at critical |ocations, such as by placenent of fill or use of shading
or reflective surface color. One of the benefits sought from painting the runway white at Thul e,
Greenl and, was the diversion of sumer seepage flow in the annual thaw zone by raising of the
permafrost table under the pavenent to act as a dani105].
b. Steam water, and sewer |ines nmust be kept conpletely tight. At an Al askan
facility minor |eakage from an overhead steamline and resultant slow drip of condensate at the edg
of the foundation contributed to thaw of permafrost to about 18 feet over a relatively short period

c. Drainage ditches cut into ground underlain by permafrost containing ground ice or into
permafrost itself should be avoided if at all possible because of the settlenent and ground
instability problems which will result fromthaw ng. Thawi ng of ice wedges may | ead surface drainag
i n unpl anned directions. Undercutting and sl oughing of drainage ditch slopes may cause silting and
other problens. |In soils or rocks capable of bridging, sing-holes and underground drai nage channe
may devel op which nmay endanger even sonmewhat distant foundations. Under sonme conditions, it may be
advi sable to allow natural stabilization of the drainage effects to occur. This stabilization wll
occur nost easily if ditches can be nade shallow, penetrating only part of the annual thaw zone,
rat her than narrow and deep, even though shallow, w de ditches are nore susceptible to icing. A 10
percent transverse slope should be used on the bottomof the ditch. When cutting into pernafrost
contai ning ground ice cannot be avoided and natural stabilization will not occur, cannot be relied
on, or would involve unacceptable settlenents and/or erosion, it nmay be possible to over-excavate

the ditch and backfill to the desired cross-section with non-frostsusceptible material of sufficien
thi ckness to prevent sumer thaw fromreaching the underlying ice. On the other hand, it may be
found that ditching at the site is sinply inpractical. An alternative then is to place the basic
facilities on fill so that all need for cutting into pernmafrost is avoided.

d. Ditches in permafrost areas should be as short as possible. A reasonable
slope is 0.003. Mninmumw dth should be about 2 feet at the bottomw th the actual w dth nade
sufficient to handle spring run-off. Side slopes of 1 on 2 are usually suitable. Were seepage
into the ditch fromside slopes will cause erosion and sl oughi ng, where sloughing will occur as a
result of thaw weakening in spring and sunmer, or where control of pernafrost degradation is
requi red, blankets of free granular, non-frost-susceptible material may be enpl oyed on the slopes a
di scussed in paragraph 4-19

e. Subsurface drainage systens, including trench drains, are not usually practical in areas of
deep seasonal frost or permafrost unless they can be placed in ground which will be unfrozen at the
time they need to function
f. If cellars or basenents are attenpted under heated buil dings in permafrost
contai ning ground ice, the gradual nelting of ice under and around the warmcellar will cause
settl enent not only of the building foundations but also of the surrounding ground. The results
wi || be devel opnent of a di sh-shaped depression
surroundi ng and under the facility and an increasingly difficult water control problemin the
cellar, which becomes in effect a sunp for both surface run-off and permafrost nelt water. An
ordinary drain trenched fromthe cellar to a |l ow point would soon freeze. Therefore, an endl ess
probl em of punping and di sposal of seepage water may be presented to which there is no good
sol ution

g. Drainage fromflat roofs has often been piped down through the interior of buildings and intc
dry wells outside the foundation. Such systens have a history of problens in winter. The dry well
and pi pe drai nage system outside the building cormonly freezes up, and water backs up within the
pi pe inside the building. |In sumer, however, the contrary problem may exist of sonme |ocal thaw ng
of permafrost near the dry well fromdischarge of relatively warmwater, heated on the roof. No
good solutions to this roof
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dr ai nage probl em presently exi st except discharge into the building sewer systemin permafrost area
or, in seasonal frost areas, discharge into the ground at sufficient depth to be bel ow the zone of
freezing.

4-19. Stability of slopes during thaw.

a. Frost sloughing in areas of seasonal frost.

(1) In seasonal frost areas slopes conposed of fine-grained soils tend to experience "frost
sl oughing," as illustrated in figure 4-98a, during spring thaw. The sl oughing occurs when the ice-
filled soil thaws relatively rapidly. Inpervious underlying frozen naterial prevents drai nage of
excess water in that direction. The resulting very wet, |ow shear strength soil therefore slunps o
flows downward as illustrated in figure 4-98a. The effect can be intensified by earthquake
accel erations. Emerging excess water may al so nove sone soil downward by erosion. The phenonenon
occurs typically in frost-susceptible fine-grained soils under conditions where sufficient noisture
is available to build up substantial excess water in the annual frost zone in the formof ice
| enses.

(2) Frost-sloughing is nore common in cut slopes than fills because of the
greater availability of nobisture. However, it is not unconmon in enbanknents, especially if the

sl opes are nade very steep. It is also nore conmon and nore severe on north-facing than sout h-
facing slopes (in the Northern Hemi sphere), probably because north-facing slopes tend to be wetter
and al t hough onset of thaw is delayed, its progress is fast once it starts. |In wet cuts in which

seepage energes fromthe face, sloughing and erosion nmay al so occur during non-frost periods.

(3) Slope flattening can control frost sloughing but may be very costly or

not feasible. Drainage to reduce the amount of noisture available for ice segregation usually
provides only partially effective control, especially when soils have strong horizonta
stratification, and may be very expensive. Turf helps to control sloughing but its effects is
marginal. Both the frost and nonfrost types of slope problens can be controll ed by blanketing the
sl ope with granul ar pervious material as illustrated in figure 4-98c. The blanket nmaterial should
be graded to act as a filter but also be sufficiently coarse-grained so that slow seepage can energ
fromit wi thout novenent of particles. At the toe of slope the blanket should be carried a short

di stance bel ow the adjacent surface as shown in figure 4-98c to avoid supporting the toe on nateria
which will experience sufficient frost weakening in spring and to avoid | oss of support under the

toe by seepage erosion of fine-grained soil. The blanket functions in several different ways. It
serves as a surcharge weight to reduce the anpbunt of ice segregation per unit volunme and hence the
vol ume of water to be released fromthe frozen frost-susceptible material in spring. It serves as
sem -insulating |ayer, to reduce the amount of frost penetration into the frost-susceptible materia
and to slowrate of thawinto this material in spring. |Its |loading effect serves to assist
reconsol i dation of frost-loosened material. |t serves as a relatively high strength

reinforcing material within the zone potentially
involved in the sliding action. It also provides drainage. Because it is designed as a filter
seepage may energe through it without | oss of fine particles fromthe frost-susceptible zone or
pl uggi ng of the voids in the blanket material

(4) Successful use of both cinders and bank-run gravel as the bl anketing material has been
reported in nunerous cases. However, gravel will be the normal blanketing material in arctic and
subarctic areas. Good quality crusher run rock can al so be used.
(5) Wiere frost and ordi nary seepage sl oughing and erosion of slopes are
definitely anticipated in seasonal frost areas, protective blankets should be specified as part of
the original design when they provide the nost costeffective approach. Although the bl ankets
require initial extra expense, as conpared with untreated sl opes, maintenance costs resulting from
unstabl e sl opes can be elininated. Blankets nay also be used to correct unanticipated problens, bu
added expense to prepare the sloughed face of the slope will then be involved. Blanket thickness
shoul d be between 6 inches and 30 inches, with the larger thicknesses used for the nbst severe
cases. In nost cases 18 inches or 24 inches will be needed. Opportunity to use as little as 6
inches is expected to
be rare in arctic and subarctic areas. Vertical to near-vertical slopes have been tried in hi ghway
cuts in Alaska in search of a nore economical but still satisfactory solution. The w nd-deposited
silts in Al aska, when free of ground ice, have significant |oess or |oess-like properties and in
areas of | ow precipitation have appreci able capacity for standing vertically for heights of 20 feet
or nore. However, a nunber of problens have been observed[52]. These include a tendency for
spalling to occur in slabs about 4 in. thick, nore on southfacing slopes than on north, attributab
to such causes as noisture fluctuations and thermal stresses, collapse fromundercutting by erosion
or by loss of toe stability fromoisture at the ditch level, and erosion or gullying fromthe top
of sl ope downward, caused by di scharge of surface run-off over the top during periods of heavy
precipitation or snownelt. |If the ditch nust carry drainage flow, the slope is especially
vul nerabl e and bl ockage of drai nage by coll apse
materi al s may cause secondary damage. Sl unping onto the roadway may be possible. Drifted snow and
snow cast by snow renoval equi pment can cause a wet condition on thawing, not only in the ditch but
to sone extent on the face itself. Low precipitation with |long periods of dry weather does not
i nsure agai nst occurrence of wet conditions at sonme period of the year. In-
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[retrieve Figure 4-98. Slopes in frost and permafrost areas]
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tercepting ditches above the top of cut can control discharge of npoisture over the top, and may be
needed regardl ess of degree of slope, but the consequences of seepage of water fromthe ditches int
the soil directly behind the face may be nore severe with the steep slopes. |In fine-grained soil
especially silts, great care is required to avoid gullying and progressive soil erosion where the
surface vegetative mat is cut, as by an intercepting ditch or at the cut slope, and surface flow of
wat er occurs. Such erosion can involve |arge areas and nust be corrected in its earliest stages.
The savings in initial construction costs obtained by enploying nearly vertical slopes as opposed t
conventional flatter slopes nust be bal anced agai nst such extra costs as providing wi der ditch area
to allow for spalling, erosion and sl oughing, placing gravel or crushed rock at the toe when needed
to insure stability at the ditch level, and naintenance efforts for periodic clean up and renmoval o
sl ope-wasting materials, restoration of drainage, etc., which are not required when positive sl ope
stability is provided at the start.

b. Sloughing and thaw settlenment in areas of pernafrost.

(1) Wen a cut is nmade in permafrost containing substantial anpunts of ground ice, frost-

sl oughi ng and seepage erosion effects are intensified because of the potentially much | arger vol ume
and deeper extent of deposits of ice and because of the irregular general settlenment of the slope

whi ch may occur when this ice nmelts, as illustrated in figure 4-98b. |If it is necessary to produce
a reasonably stable slope during the initial construction, the anount of protective earth covering
which will devel op as permafrost degrades should be evaluated and a bl anket thickness adopt ed
which will not only control sloughing and erosion but

ultimately Iimt further permafrost degradation. This will require the initial cut to be nmade with
nmore or |ess conventional side slopes. The blanket should cover thee full height of the cut sl ope.

(2) If the excess ice content of the natural soil is relatively low, the sane protective
bl anket criteria as presented above for areas of seasonal frost should be used, except that bl anket
t hi cknesses should be in the range of 18 to 36 inches. As ice nasses nelt and drain away, the
bl anket may develop an irregul ar surface, but so long as the blanket remains intact, it will retain
its function. Except in nost northerly areas, it will seldom be econonical to place sufficient
thi ckness of blanket to contain thaw within the blanket. Sone redressing of the slope nay be done
if needed, in future years.
(3) If the ice content of the permafrost is higher and the sl oughing
penetrates deep it nmay be necessary to use up to 3 to 5 feet of blanket material. This was done
successfully to stabilize a sloughing slope in silt at the CRREL tunnel in permafrost at Fox,
Al aska, for construction of the tunnel portal

(4) If the excess ice content is very high it nay be necessary to ultimately place a very
substantial bl anket designed to nake up for the | ow ambunt of soil naturally present in the slope.
Since relatively fine-grained noisture-holding soil is nmore effective than gravel for this purpose,
the blanket may in this case consist of two layers - an underlying zone of randomfill and an
overlying granul ar bl anket not exceeding 3 to 5 feet in thickness. When possible, it is
advant ageous under these conditions to nake the initial cut slope quite steep and to allow natura
degradation and build-up of protective cover to occur for up to several years before placing the
final protective blanket. Required conbined thicknesses of blanket materials and natural cover for
conplete thermal stability may be conputed as described in paragraph 4-2

(5) Under conditions where a | engthy period of slope adjustnment is acceptable, initia
construction cost may be significantly reduced by going even further and making cuts with vertica
or near-vertical slopes with wider than nornmal ditches, |eaving the natural cover undisturbed and
allowing the slope to seek a relatively stable condition by natural processes, at expense of greate
mai nt enance costs. This nethod was tried in 1970 along the Trans Al aska Pi peline Access Road from
Li vengood to the Yukon River, Al aska[195]. Cut faces contained up to 70 percent ice, as illustrate
by figure 4-99. During sunmers follow ng construction, melting of the ice caused the cut faces to
assunme quite irregular but gradually flatter slopes, acconpani ed by dropping of the organic mat and
thawed soil down over the initially exposed ground ice to provide a progressively increasing
t hi ckness of protective cover as shown in figure 4-100. Considerabl e sloughing and down-sl ope
erosion of fine-grained soils devel oped. Study of silt
faces cut by gold mining operations in the Fairbanks area indicates that in areas of relatively war
permafrost, slope instability and adjustnent under this approach may continue for many years or
indefinitely, even after noderate-size trees have grown on the slope. Where significant ice is
present, the slope may becone very rough and unsightly. Periodic renoval of silt fromditches and
drai nageways will be needed. |If road-way ditches are allowed to fill, not only will drainage fai
to function properly but snow and ice control in winter nmay beconme nore difficult. Silt in run-off
may al so cause undesirabl e or unacceptable environnental effects unless it is prevented from
entering streams which receive the drai nage di scharge. Were slopes are high the possibility that
sl oughing or slides may encroach on the pavenent nust be considered. Progressive gully g and
erosi on where the cut slope intercepts surface drai nageways nmust be corrected expeditiously.
Utimtely, the natural stabilization processes nmay have to be suppl enent ed.
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Figure 4-99. |Ice exposed in vertical cut for Trans-Al aska Pipeline Access Road between Livengood
and the Yukon River, Alaska, April 1970: PHOTO NOT | NCLUDED
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Fi gure 4-100. Slope resulting fromnelting of ice in vertical cut face during one sunmmer,

Trans- Al aska Pi pel i ne Access Road between Livengood and the Yukon River, Alaska, August 1970:
PHOTO NOT | NCLUDED
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CHAPTER 5

5-1. Permanent datum points.

a. The establishnent of reliable permanent (10 years) datum points for survey

measurenents in seasonal frost and permafrost areas often requires substantial effort and care[39].
In northern areas, conventional types of benchmarks, satisfactory in warmclinmates, are subject to
frost heave and/or thaw settlement which may produce many inches of seasonal novement, often
progressive. Trees, boulders and even foundations of structures may nove seasonally. Even
benchmar ks pl aced in bedrock cannot necessarily be relied on as rock often contains nud seanms which
can produce frost heave and ice | ayers which will cause settlement on thaw The probl em of frost
heave is nost difficult in those northern areas that have very deep annual frost penetration becaus
it is necessary to support the datum points at very substantial depths in the ground to assure
stability; also the nmagnitudes of frost heave forces in these areas are potentially very |arge

b. Mvenents can result not only fromsinple frost heave but also fromthe
soi |l volune changes attending the horizontal and vertical noisture novenents which acconpany frost
action, fromthe expansion and contraction caused by the annual variation of tenperatures within
freezing or frozen soil and fromsolifluction and other types of downsl ope novenent. Mbisture
novenments during freezing may actually cause | owering of surfaces of some soils. The effects of
contraction and expansion are not sinply lateral; because tenperature gradients with depth cause
differential dinensional changes, bending tends to occur with conpl ex conbinations of vertical and
hori zontal novenent.

c. Permafrost areas containing patterned ground and ice wedges should be assuned especially
unfavorabl e. Areas show ng evidences of solifluction or slope novenent should be avoi ded whenever
possible. |If datum points nmust be placed in such areas they should be tied in to nore stable point
and rechecked often enough so that novenents with tinme can be known.

d. Care should be taken to |ocate benchmarks away from potential thaw ng
i nfluences such as buil dings, roads and streans.

e. In order to establish a reliable datum point in a seasonal frost or permafrost area firm
support nust be provided in stable naterial below the annual frost zone and the supporting rod nust
be isolated fromthe effects of frost action where it passes through the annual frost zone. As
shown in figure 5-1, this isolation can be provided by an outer casing, with the space between the
rod and casing filled with a viscous substance which has very low rel ative shear strength at al
tenmperatures yet is solid enough at sumer tenperatures to keep water and soil fromentering and
accunul ating in the annul ar space. For a permanent datum point, this space should extend at | east
to 3 feet below the predicted annual frost zone depth after construction, depending on the estinmate
confidence, to make sure that no frost heave forces can act on the datumrod. The rod shoul d extend
sufficient additional distance below this point so that the rod will be stably supported, taking
into account the sometimes substantial |ength of unsupported rod within the casing. For relatively
shal | ow annual frost zones the rodenbednent should be at |least 5 feet; for |onger unsupported
I engths it should be nore.

f. Permanent datum points in deep seasonal frost or borderline permafrost areas should desirably
enpl oy a standard wei ght pipe of mninmum 2 inch nominal diameter for the datum point rod because of
the relatively long unsupported |l ength through the deep | ayer of seasonal freezing. The outer
casi ng should be | arge enough to allow at |east 1 inch of space between the datumrod and the
casing, for effective placenment of oil, wax, or other substances and for positive clearance. Befor
pl acement of the viscous material the space between the datumrod and the outer casing should be
carefully checked to make sure that the space is free of soil over 100 percent of the length of the
outer casing, that there is no water at the bottomand that the rod and casing are not in contact
with each other. Oherwise, a plug of ice or frozen soil or friction mght transmt drag fromthe
outer casing to the datumrod. The top surface of the viscous material nmay be given additiona

protection against water or soil infiltration by a
suitable light cover of fabric, plywod or netal

g. It is recommended that a standard floor flange or welded flat plate be fitted to the bottom
of the rod, the datum point hole being drilled | arge enough to pernit this. This will help to

stabilize the rod agai nst novenent even if skin friction on the enbedded portion of the rod should
prove inadequate. Oher types of projections can be fitted to the I ength of rod bel ow the casing
for the sane purposes. Holes or slots are also sonetines cut in pipe-type datum point rods into
which slurry will penetrate, helping to increase holding power. The casing should also have an
external flange at its lower end to control the tendency for the casing to be jacked progressively
out of the ground by frost heaving. For a pernanent benchmark, this flange should be designed to
devel op and withstand full passive forces equal to the
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[retrieve Figure 5-1. Recommended permanent benchmar k]
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maxi mum frost heave force which can be devel oped on the casing.

h. For permanent type datum points requiring very high precision, the casing and viscous
backfill should extend to a depth bel ow which the annual tenperature variation is 2 deg. F or |ess,
usual |y about 30 feet in northern areas. For extrene precision, a special study of requirenents fo
attaining needed stability may be required. Black[126] has suggested that in areas such as the
northern part of Al aska the datum point nay have to be supported at as deep as 65 feet (20) to
obtain high stability.

i. The natural thermal regine and the nmethod of placing a datum point are inportant factors in
datum poi nt perfornance. |n pernmafrost areas, casing anchorage and datumrod stability depend on
achi eving rapid and thorough refreezing during installation and naintaining this during the life of
the datum point. Disturbance of the thermal regime may interfere with this, particularly in margi na
per maf r ost areas

j. Dry augering or refrigerated fluid nmechanical drilling create the |east disturbance of frozer
soil and permit nmuch nore rapid freezeback of the backfill material than steamthawi ng or drilling
met hods using warm fluids. This is of utnmost inportance in the nore southerly areas where
permafrost is near the thawing point (32 CF). Mechanical drilling may be the only practical mnethod

where boul dery soils or bedrock are involved. On the other hand, test pit installation, though ver
| abori ous, may sometines be found the nost practical approach in renpte areas inaccessible for

suitable drilling equipnent. 1In all permafrost areas, freezeback of slurried-in datum points can
usual Iy be expected to be conplete in not over two weeks, often, much | ess, provided dry or
refrigerated-fluid drilling methods are used, the annular space is not over 1-1/2 to 3 inches and

the slurry tenperature when placed is not nore than a few degrees above 32 deg. F, except that in
mar gi nal permafrost areas this applies only during the period of February to early June, when
tenmperatures in the upper pernmafrost are depressed. Refreezing times for slurries can be estinmated
usi ng the procedures outlined in paragraph 48d. Because refreezing does not always occur at a

uni formrate around the enbedded rod or pipe, sone bending or small displacenent may occur during
this process. Therefore, the datum point should not be used as a reference point until refreeze is
conmpl ete

k. The viscous substance placed in the annul ar space between the casing and

the benchmark rod may be a heavy grease, a special oil-wax mxture such as 70 percent Mentor 29 oi
with 30 percent Anber Tervan wax or Socony Mbil Cerise AA by weight, or other viscous naterial or
m xture which will be firmenough at normal summer tenperatures to support gravel or sand particles

on the surface yet transmit negligible frost heave forces to the datumrod in winter. [If oil-wax
m xture is used, the oil and wax should be heated separately to about 200 deg. F, then mixed. The
nm xture then may be poured into the annular space while it is still warm enough for easy placenent.

5-2. Tenporary datum points.

a. Since these need to be stable only for limted periods of tine, |ess el aborate precautions
are required than for pernanent installations. However, even though shorter tinmes are involved,
stability requirenments nay be just as stringent. Thus, a stable tenporary benchmark nust be solidl
anchored in stable ground and nust be isolated fromthe effects of seasonal frost heave or thaw
settlenent forces during its period of use, in accordance with the sane principles as for permanent
benchmar ks. However, it nmay be feasible to use a snmaller flange or no flange on the casing. For
exanpl e, an unfl anged casi ng enbedded 2 ft bel ow the annual frost zone and which may heave 8 in./yr
can be expected to protect the benchmark from heave for at |east 3 years.

b. For construction projects of |limted duration it may suffice to install a

temporary benchmark by hand augering or test pitting to below the depth of seasonal frost and then
driving a relatively small dianeter rod into the underlying material for sufficient depth to obtain
st abl e enbednent, placing an unflanged casing around the rod, backfilling on the outside with soi
and placing the oil-wax or other mixture in the annular space. Small dianeter pilot auger holes na
be enployed to facilitate driving. Hand-sledge driving is of Iimted effectiveness; a heavy wei ght
(up to about 350 Ib) operated with a tripod and

winch will extend effectiveness. Driving should be assunmed inpractical in other than in warm (abov
25 deg. F), fine-grained frozen soils. Freezeback of datum points driven into permafrost may be
assunmed al nost instantaneous because of the relatively small amount of heat to be dissipated. Ote
these operations may be carried out easily after the end of the sumer thaw (though ground water na
cause problens). Even if the casing is frost heaved several inches in winter the point may remain
stabl e 1 ong enough to get the job conpleted

c. On the other hand, when extended post-construction perfornmance feedback neasurenents on the
structure are to be nmade, one or nore permanent type datumreference points should be installed.

5.
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CHAPTER 6
CONSTRUCTI ON CONSI DERATI ONS

6-1. Effect of construction procedures on design

a. Design decisions nmust be approached not as isolated technical questions but

as a systemof interrelated el ements under broad design, construction

operational and nmai ntenance facility requirenments.

b. The tentative construction schedule and procedures should be kept in mnd

during all phases of the design procedure and should provide input influencing design decisions. T
facility location and its environnment, the relative

urgency of the project and of desired conpletion data to neet user needs and the type and scope of
the effort will indicate the type and amount of construction to be acconplished under adverse
seasonal conditions. The progress and efficiency of the work during such periods will depend on ho
wel | the designer has anticipated and adapted the design to the conditions.

c. Site accessibility and working conditions may affect choice of type of foundations. Access
to renote sites by sea or river may be possible only during a short period in the sumrer. In
per maf rost areas overland access may be
possible only in winter after the annual thaw zone has solidly refrozen. Aircraft landing facilitie
may severely restrict the size and type of aircraft which can land at the site. This may linmt the
sizes and types of construction equi pnent which can be brought in by air. For small to npderate
size construction jobs, the cost of inproving the aircraft landing facilities may be prohibitive.
Landi ngs on ice cannot be nmade during the ice break-up and early freeze-up periods. Heavy aircraft
cannot |and on floating ice until middle or even late winter. Tractor train operations on ice are
simlarly limted. Access roads and granular working nats nay be easy to place in w nter when the
terrain is frozen but much nore difficult to construct in sunmer. On the other hand, if the
facility construction is small and can be conpleted in winter, roads and working mats may not be
needed at all except for facility operational purposes. Under proper scheduling, pile installation
equi prrent can work on conpacted snow or frozen ground in late winter or early spring at maxi mum
efficiency, without the use of granular work mats. As described in paragraph 4-8d, this same perio
of maxi mum cooling of the ground in depth (February through May) is the nost effective tinme for
installation of slurried piles intended to freeze back naturally. However, if it is not possible t
install the piles in the critical months and it is a marginal permafrost area, it will be necessary
to use artificial refrigeration to assist freezeback or to choose another type of foundation, and
this nust be reflected in the plans, specifications and cost estimates. As has been described by
Di ckens and Gray[138], is possible to construct footing type foundations in the sumer nonths with
sati sfactory results; however, such type construction nmay involve quite different |abor, materials,
and equi prent requirements with different transportation, housing, maintenance and supply problenms
than woul d apply in wnter

d. Through proper design and construction, a foundation nmay be installed in permafrost with
m ni mum di sturbance to the thermal regime and with rapid healing of thermal danmage caused by
construction. However, the construction procedure adopted will be a major factor in determining th
amount of environnental damage and therefore the damage-corrective provisions in the plans and
speci fications, as well as costs.

6- 2. Excavati on

a. |In permafrost areas, excavation should be avoided as nuch as possible in the foundation
desi gn because of the increased disturbance of the thermal regime and the increased effort required
when frozen ground nust be handled. During the sunmer, excavations in fine-grained permafrost for
pl acement of footings may experience very rapid thaw and softening on exposure and it is al nost
i mpossible to install footings and to conplete backfill under these conditions w thout experiencing
at | east some short-termsettlenent of the base of the footing, even though gravel fill or
insulation is placed quickly at the bottom of the
excavation to mininize this effect. Therefore, such excavations are much nore easily acconplished
when air tenperatures are below freezing, preferably in the early fall when the annual frost zone
conpl etely thawed and nost easily excavated through. At subarctic |ocations, excavation of soi
above the pernmafrost table may not be a nmgjor problemduring the early part of the freezing season
especially if ground-freezing is mnimzed by an insulating cover of snow, nobss, or other naterial
As the winter progresses and depth of freezing increases, excavation becones nore difficult, unless
the excavated materials are very coarse and well-drained. Wnter construction involving excavation
i s handi capped by frozen ground conditions, the difficulties of operation of equi pmrent and handling
of frozen materials at very | ow tenperatures, reduction of daylight hours and work season, and
| ower ed worker efficiency at | ow tenperatures.
b. Special equipnment such as heavy rippers, systematic drilling and bl asting
or possibly pre-thaw ng of
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the frozen | ayer may be required to acconplish the work. Where excavation is in permafrost, this
situation applies year-round. Frozen soils may have strength properties equivalent to those of |ea
concrete at only noderately |ow tenperatures; at very |ow tenperatures the conpressive strength may
exceed 3,000 psi. Excavation of frozen soils at |ow tenperatures may be conparable to excavating
concrete of lowto noderate strength. Frozen rock is stronger than when unfrozen. By conparison
ice may be conparatively easy to excavate. A special problemis introduced by the tendency of
frozen excavated materials of appreciable nmoisture content to adhere to equi pnent surfaces at bel ow
freezing tenperatures or to exhibit fluid or sem -fluid properties when thawed. A nunber of
research studi es have been perforned on nethods of penetrating, disengaging and handling frozen

mat eri al s[ 56, 57, 81, 96, 97]. Near-surface frozen nmaterials nay be easier to excavate or penetrat
in the sunmer nonths. However, excavation in winter is in some aspects easier than in summrer,
because drai nage and dewatering problens are reduced or elimnated. |f shaped up prior to the firs
freeze, haul roads become as smooth and strong as pavenent when frozen, requiring little maintenanc
except snow pl ow ng.

c. Excavation at the face of the pit with a dipper shovel is |less affected by

Wi nter weat her than excavation by scrapers, although when the seasonal frost |ayer reaches a

thi ckness of perhaps 1-1/2 to 2 feet the soil nmay formslabs | arge enough to break a shovel boom
unl ess the operator is careful. Various types of trench cutting equi pment, as well as drop and
pneumati c hamrers, nmay be used for cutting through or breaking up frozen soil in small areas. A
snow cover over the area to be excavated linmts the depth of frost penetration, especially if the
ground is covered early enough in the season and the snow is undisturbed. In the |ower |atitudes of
the col d regions, black pol yethyl ene sheeting placed over limted areas has been found effective in
limting freezing or pronoting thawing by its absorption of solar radiation. Each day the surface
cover should be renmoved only in the areas which are to be worked in that day. In addition, for

| ocal areas the ground may be covered with hot and tarpaulins or treated with salt and covered with
hay and tarpaulins 3 or 4 days before excavation. Salt in the soil nmoisture lowers its freezing
point. Fires nay also be built over the areas to be thawed. This nethod is slow and inefficient
but has been used to thaw up to 2 or 3 feet of frozen ground.

d. In the early winter, borrow areas, once opened, nust be worked continuously
fromday to day or the frozen material will build up in thickness and be difficult to renove as wel
as present the problemof frozen inclusions in the fill As the winter progresses and depth of

freezing increases, excavating becomes nore difficult and nay require special equi prent or possibly
prethawi ng of the frozen |ayer to acconplish the work.
e. Handling of frozen soil fromexcavations is often a probl em because of the
tendency of frozen lunps to freeze to each other or to the handling equi prent when tenperatures are
bet ween about 15 deg. and 32 deg. F, or to thaw into nud in above-freezing tenperatures.
f. Excavation of borrow areas in frozen soil in the spring and summer can al so
be acconplished by renoval of thawed material periodically to pronote thawi ng of underlying |ayers.
On the other hand, if such increnental thaw depths of wet, soft materials are allowed to becone dee
enough to interfere with novenent of construction equi pment, construction may be seriously del ayed
or halted

g. Frozen ground, including frozen soil and highly fissured frozen bedrock, often can be broken
nmore economically and faster with a heavy bul | dozer equipped with a sturdy ripper than with the use
of explosives if a large area has to be excavated and the ground tenmperature is marginal (30 deg. t
32 deg. F). Operation over a |large area allows nmaxi mum assi stance to be gained fromdaily thaw
increments in sumrer

h. Deep formations of frozen material can be thawed to assist excavation. Cold water punped intc
jets, placed in a grid fashion at 12- to 16-feet spacing, has been used successfully in thaw ng
operations and is the nost econom cal technique. Hot water and steamjets may al so be used in a
simlar manner. Small electrically heated probes have | ocal value. When excavation of pernafrost
is required, the surface should be stripped early in the sumer to expose the frozen materi al
Stripping of vegetative cover and renoval of the annual thaw zone nmaterial in |ate sumrer or early
fall will permt excavation to start at the
permafrost table at the start of the followi ng thaw season rather than at the top of the then froze
annual thaw zone, but renoval of the overlying cover will have caused nore intensive cooling of the
permafrost during the winter, tending to slow the daily rate of excavation. In areas where the
annual thaw zone is 12 to 18 inches under noss surface cover, 3 to 5 inches of thawed materials may
be removed each day during the warm nonths and 25 feet nay be excavated in a 100-day summer
operation[114]. At bases where | ong-range construction plans are known, it nay be desirable, under
certain conditions, to clear, strip, and provide drainage of future construction sites where
per maf rost excavation will be required as far in advance of construction as possible to mninmnze
possi bl e future subsidence and to nmake excavation easier. However, pre-thaw ng of finegrained soi
to appreciable depth is likely to be inpractical; for exanple, it may produce too soft or liquid a
condition for the avail able construction equipnment to operate effectively. Any introduction of hea
into permafrost nust be very carefully controlled and is general -
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Iy inadvisable at a structure site.
i. Rock excavation presents no nore difficult a problemat air tenperatures
between 32 deg. and 0 deg. F than at tenperatures above freezing, except that rock containing
appreciabl e noisture is likely to be difficult to transport and handl e between 15 deg. and 32 deg.
because of its tendency to freeze to surfaces. Blasting and nucki ng operations should be
coordi nated because the bl asted rock, providing many channels for npisture penetration such as from
snow or rain, can freeze into a mass which nmust be reblasted. As noted above, large rippers may be
effective in some rock. Rock, if in large pieces or without noisture, seldomfreezes to truck
bodi es; however, this can be a major problemw th noist soil or rock containing fines, especially
haul ed a consi derabl e distance. To control this, many contractors in Canada have equi pped their
dump truck bodies with nuffler extension pipes to heat the bodies with otherw se | ost engi ne heat.

6-3. Enbanknment and backfill.

a. Al personnel responsible for design and construction of projects to be constructed in cold
climtes should be aware of the extent to which construction of enmbankments, fills, and backfill nma
at the same time be both possible and linted. On the one hand, placenent of embankments may be
acconplished nost readily in winter when the ground is frozen, if the natural surface is inpassable
in the sunmer, provided suitable fill materials are used. On the other hand, construction of |oad-
bearing fill which will be used to support an overlying facility may be difficult to acconplish
successfully in the winter season because of the problens of freezing of noist material before it
can be compacted or of excluding |lunps of frozen materials which may result in |ater thaw
settlenent. It is inpossible to conpact npst soils to specified densities with avail abl e equi prent
and t echni ques when the soil tenperature drops bel ow about 30 deg. F, that is, after the soil has
frozen. However, successful enbankment, fill, or backfill placenment under wi nter conditions, at
very | ow anbi ent tenperatures, has been acconplished by stockpiling very clean, gravelly materials
in the sunmer nonths in such a way as to pronote drainage to very |ow water contents; such materia
can be handled and placed with effectiveness acceptable for many purposes under the col dest

tenmperatures. It is possible that dry, clean gravels may al so sonetinmes be found naturally at very
| ow noi sture contents in the borrow pit. Dry, crushed or broken rock may be placed even nore

effectively under all tenperatures. In one especially urgent situation a conpacted fill foundation
for a large structure was built in md-

wi nter by the expedient use of a very large

inflated shelter into which frozen borrow was trucked, spread in shallow | ayers, each of which was
allowed to thaw, then conpacted by conventional procedures before spreading of the next |ayer of
frozen material. The Corps of Engineers Al aska District reports that be using procedures designed
to insure the nost favorable results, noist thawed silts have been borrowed and placed at 95 percen
of nodified AASHTO density during O deg. to 30 deg. F weather using heavy vibratory comnpactors.
They suggest that vibratory grid roller or vibratory sheepsfoot compaction should be nost effective
Sim | ar experiences have been reported in New Engl and with sheepsfoot roller compaction using rapid
processing to achi eve conpaction before significant freezing. Ohers have concluded that the

m ni mum practical and economnical tenperature for placing comon backfill is about 20 deg. F and for
pl aci ng granul ar materials, 15 deg. F[113]. Success is any of the recorded cases of successfu

bel ow freezi ng enbanknent placenent has depended on one or nore of the followi ng alternatives: rap
and continuous placenent so as to achi eve conpaction before freezing, use of CaC +2+, added in
advance, to |lower the freezing tenperature, or use of dry, cohesionless, nonfrost-susceptible

mat eri al s.

b. During freezing weather, earth handling and placenent of ordinary soils should be continuous
to avoid formation of thick layers of frozen material which will not thaw quickly if incorporated
into the enbankment. The foundation or surface of the fill should be checked for frozen materia
before proceeding with the next |ift. Al frozen material should be renmoved. It should not be
disced in place. |f poor-drainage nmaterial is used, the tenperature of the material should be abov
freezing and it should be placed and conpacted at the proper
noi sture content. The fill should than either be protected fromfreezing or all frozen nateria
renoved before additional backfill is placed. Under no circunmstances should frozen material, from
stockpile or borrow, be placed in fill or backfill which is to be conpacted to a specified density.
Extreme precautions shoul d be taken regardi ng the possi ble entrance of excess water from wastewater
curing water, or during thaws into areas of conpacted fill. The use of additives, such as cal ci um
chloride, will lower the freezing tenperature of soil, but they will ordinarily also change the
conmpaction and noisture requirements[7]. Experience with salt has been nmi xed. Therefore, additives
shoul d not be used unless a prior laboratory study of conpaction and additive percentage

requirements is nmade. |If used, additives nust be incorporated before freezing.

c. Although construction schedul es nmay necessitate the placenent of pernmanent
fill or backfill during or inmediately preceding periods of freezing weather, every effort should b
made, whenever construction schedules permt, to schedul e placenment of backfill in periods of

f avor abl e weat her conditi ons.
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d. In permafrost areas, deep fills constructed with thawed materials may require up to many years
to freeze to the ultimate thermally stable condition, if placed by single-step construction. Wen
this slow, long-termfreezing is likely to result in undesirable frost heaving, consideration shoul
be given to placenent of fill in annual increments, each of which will freeze conpletely during the
winter following its placenent. The result will be a nore inmediately stable foundation, upon
completion. An exanple of this procedure was the twostage construction of a runway extension

enbanknent at Sondrestrom Air Base, Greenland[103]. Inorganic soils are very often covered with
living "tundra mat," a mant|l e of nmobss and peat. |In permafrost areas this material should usual
be

left in place during the placement of fill, thus preserving to a limted extent its value as an

insulating layer. The natural cover around a construction site should be protected from di sturbanc
by construction equi pnent, to mninze subsequent degradation. Cutting of the tundra nat by heavy
tracked vehicles is a conmon source of |ocal thawi ng and subsequent pondi ng of water, erosion and
degradati on of pernafrost.
e. The design should take into account the possible frost heave of backfil
and the effect of such heave on footings, structural elenments, utility connections and walls.
Backfill adjacent to walls should be non-frostsusceptible in situati ons where frost heave or frost
thrust damage m ght ot herw se occur.

f. Determination of construction naterial availability is an essential el enent
in the design effort. |If special materials such as non-frost-susceptible backfill are only
accessible at specific tines of the year, this nay be a critical factor in design decisions.

6-4. Placing concrete under freezing air or ground tenperature.

a. GCeneral. Under freezing conditions, concrete placenment should conformto
standard procedures, but additional special precautions should be enployed as needed to assure good
resul ts[22, 115, 203].

(1) As a general rule, concrete should not be placed in direct contact with ground or rock at
temperatures below 33 deg. F. If the concrete section is thin and the tenperature of the ground
wel | bel ow freezing, the concrete nay freeze or at |east may not set and harden properly. |If the
concrete section is nassive, its heat of hydration will generate anple heat for strength gain and
prevention of freezing but this heat may at the sane tine thaw the ground for sonme depth and this
may result in settlenment and formation of voids even while work is in progress, if ground ice is
present. The concrete may be fractured, foundation bearing capacity may be reduced, and it may
become i npossible to maintain foundation grade lines. Thaw water nmay pipe up through the fresh
concrete before set if a pressure head can devel op, destroying its water-tightness. |[|f the section
i s heavy enough so that only a thin layer of poor nortar is produced on the face of the concrete hy
the low tenperatures, it nmay sonetinmes be acceptable to place concrete directly agai nst frozen soi
provided the soil supporting the foundation is not susceptible to settlenent on thaw. Wen
underlying soils contain sufficient ice so that settlenment will occur on thaw, special pads of wood
gravel and/or rigid insulating material or their conbinations, of adequate bearing strength, should
be used between the frozen ground and the concrete course to protect the frozen ground from thaw ng
and to aid in retention of heat by the concrete. Werever concrete nust rest on or adjacent to
frozen soil, strong consideration should be given to the use of precast sections to avoid the
probl ens of protection, to insure quality construction and to mnimze work schedul e problens. On
i mportant work, refrigeration pipes placed within a granul ar course have been enployed to maintain
the 32 deg. F point on the tenperature gradient at the proper position between the underlying
per maf rost and overlying newWy cast concrete. Electrical heating cable may al so be used where
supply of heat is necessary. Artificial refrigeration placed within the concrete has nuch nore
limted utility, as such refrigeration cannot be turned on until the concrete has gai ned ni ni mum
required strength and in this tine excessive thaw settlement of underlying materials may occur if
ground ice is present.

(2) Plans to protect fresh concrete fromfreezing and to naintain tenperature at not |ess tha

the specified perm ssible mninumshould be made well in advance of expected freezing tenperatures.
Al'l necessary equi prent and
materials should be ready for use at the site of the work before concrete placing is permtted. It

is too late to start assenbling protective devices and naterials after concrete placing has
commenced and the tenperature begins to approach the freezing point. The conplications which these
nmeasures introduce can be greatly reduced by naxi mum enpl oyment of prefabricated conmponents and
menber s

(3) "Concrete which is not allowed to freeze and which is placed at | ow

tenmper at ures above freezing, and receives long-tine natural curing, devel ops higher ultimte
strength, greater durability, and |l ess thermal cracking than sinmilar concrete placed at higher
tenmperatures. A high concrete tenperature as placed will inpair these good properties, although it
may expedite small jobs and finishing in cold weather."[115] Concrete m xed and placed at a high
tenmperature al so requires excessive mxing, requires a higher water content to maintain a specified
consi stency, and usually results in quick setting. Rapid noisture |oss from hot concrete surfaces
or high tenperature differentials at the surface may cause shrinkage cracking. Heating the
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materials to inordinately high tenperatures before m xing or over-zeal ous use of hot air blowers to
protect against freezing are, therefore, not proper solutions to cold weather concreting. Rather
the materials should be heated to naintain a concrete placing tenperature not |ess than shown in
table 6-1, but not over 70 deg. F after placing. The air, water, and fornms in contact with the
concrete surfaces should be nmaintained at not |ess than 50 deg. F throughout the curing period
specified for the type of cenent used in the concrete. Accurate periodic concrete tenperature
readi ngs shoul d be taken during setting and curing to obtain a quantitative neasure of the
actual degree of protection afforded. |Ice or snow
on reinforcing steel and within forns nmust be renoved before placing concrete. Hot air heaters of
various types or |live steam nmay be enployed to warmreinforcement, forns or ground just before
concrete is placed.

b. Air entraining agents. An approved air entraining agent should be used to

produce a proper nunber, size and spacing of air bubbles in concrete which will be exposed to

weat hering. Concrete nust have a satisfactory entrained air-void systemin order to resist freezin
and thawing if the concrete is in an environment where critical saturation with water nmay exist at

the time freezing may occur. |If the environment is quite severe, the concrete should be protected
fromfreezing until it has matured sufficiently to have devel oped a conpressive strength such as
woul d be indicated by test of 6-inch by 12-inch cylinders of 4000 to 4500 psi. |If the air-

entraining agent is either an approved airentraining addition to the cenent or an air-entraining
adm xture incorporated into the concrete mxture at the time of batching, it nmay be assuned with
normal concrete mxtures that the air-void systemw || be adequate, provided the

[retrieve Table 6-1. Effect of Tenperature of Materials on Tenperature of Various Freshly M xed
Concr et e]
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air content of the freshly m xed concrete neets the requirenents of the applicable specifications.
Specifications are generally based on the concept of having an air content in the nmortar fraction
of approximately 9 percent; hence, the total air content of the concrete that shoul d be obtained
di m ni shes as the proportion of nortar dimnishes, which it will do as the quantity of aggregate

i ncreases as the maxi num size of aggregate increases.

c. High early strength cement. The alternative use of high early strength

cement, Type Ill is generally permtted by the specifications. As the nane inplies, high early
strength cement increases the rate at which concrete gains strength, thereby reducing the |ength of
time that the concrete surfaces nust be protected. Therefore, its use is beneficial, either alone
or as a supplement to heated materials during cold weather. The same end result can usually be
obtai ned by increasing the cenment factor for Type | and Il cenent by about 30 percent. However,
shrinkage characteristics may not permt this addition

d. Accelerators. The pernissible substitution of high early strength cenent,

Type 111 except when Type V is specified), will produce the desired acceleration of the rate at

whi ch the concrete gains strength nore positively than a chenical accelerator. "Calciumchloride,
other salts or other chenmicals in the mx in permssible anobunts will not |ower the freezing point
of concrete to any significant degree. To avoid use of harnful materials, any such attenpt to
protect concrete fromfreezing should not be pernmitted.[99, 115] However, cal cium chloride may
sonmeti nes be needed as an accel erating agent, and when its use is approved, not nmore than 2 percent
of cal ciumchloride, by weight of the cenment, should be allowed. The calciumchloride should be
measured accurately and added to the batch in solution in a portion of the mixing water with an
acceptabl e comercially manufactured automatic di spenser[22]. The follow ng precautions nust be
observed in use of calciumchloride

1. It nmust not be used where sul phate resistance cenent (Type V) is specified. Type Il
cement with a limtation of 5 percent tricalciumaluninate nay be used where sul phate
resi stance i s needed.

2. It must not be added directly to the mxing water in the dry state; it
shoul d be added in solution only.
3. It nmust not be used in prestressed concrete.
4. It nmust not be used where zinc or aluminumis present or when subject to sul phate

conditions contained in the aggregate or present in the environnent.
e. Heating the materials.

(1) It is not difficult to nmaintain the tenperature of freshly m xed concrete within a ten
degree range above the nmininmumtenperature specified and desired. Although it is difficult to heat
aggregates uniformy or to a predeternined tenperature, the tenperature of the mixing water can be
adj usted readily by blending hot water or steamwith cold water to nmaintain the tenperature of the
freshly m xed concrete within the desired 10 deg. F range.

(2) Making the basic assunption that the specific heat of both the cenent
and aggregate can be accurately enough represented by the factor 0.22 (0.2 may be used for rapid
field conputation) and knowi ng that the specific heat of water is |, reasonably accurate estinates
of tenperature of freshly mixed concrete can be made fromthe follow ng equation:[203]

0.22 (T+a+tWa+ + T+c+Wkc+ + T+mtWhmt)

L (Equation 16)
0.22 (Wa+ + Wkc+) + WHf + + Whmt

T = Tenmperature of concrete, deg. F.

T+c+ = Tenperature of cenment, deg. F.

T+m+ = Tenperature of mxing water, deg. F

T+f + = Tenperature of free noisture in aggregates, deg. F
T+a+ = Tenperature of aggregate, deg. F

Wc+ = Wei ght of cenent, |bs.

W-mt = Wei ght of m xing water, |[bs.

WH + = Weight of free noisture in aggregates, |bs.

Wa+ = Wi ght of aggregates, |bs.

(The tenperature of all water including the noisture in the aggregates must be above 32 deg. F, as
ice absorbs 144 Btu's of heat per pound in nelting and has a specific heat of only 0.5.) The above
equati on does not take into account any heat loss to the air during mxing, transporting, and
pl aci ng or any heat gain in hydration of the cenent. Based on tenperatures conputed fromthis
equation (using 0.2 for specific heat of cenent and aggregate), table 6-1 fromthe Bureau of
Recl amat i on Concrete Manual [203] shows the effect of tenperature of materials on tenperature of
various freshly m xed concretes.

(3) Cenent as taken fromusual storage is rarely under 32 deg. F. Heating cenment should not
be used as a nmethod of raising the concrete tenperature. Cenent containing frozen |unps shoul d not
be used since the chunks indicate the presence of noisture.



(4) Heating the mixing water is generally considered the nost practical and efficient nmeans
for obtaining the desired placing tenperature of concrete dur-
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ing cold weather. Water is not only easy to heat, but each pound of water has roughly 4-1/2 tines
as many heat units per degree Fahrenheit as are stored in a pound of aggregate or cenent. M Xxing
water is usually heated in auxiliary tanks connected to the water neasuring tank. Heating can be
acconpl i shed nost rapidly by injecting live steaminto the water; however, electric and oil or gas
burning heaters are acceptable. The m xing water should be heated under such control and in such
quantity and the storage tanks and lines should be insulated to the degree that no appreciable
fluctuation of the tenperature can occur.

(5) Cenent conming in contact with hot water or hot aggregate nay experience flash set. To
avoid the possibility of flash set when either aggregate or water is heated to a tenperature in
excess of 100 deg. F, water and aggregate should cone together first in the mxer in such a way tha
the high tenmperature of one or the other is reduced before cenent is admitted. |If the mxer is
| oaded in this sequence, water tenperature up to the boiling point nmay be used, provided aggregate
is cold enough to reduce tenperature of the mixture of water and aggregate to appreciably less than
100 deg. F; in fact, this tenperature should rarely exceed 60 deg. to 80 deg. F[115].

(6) Wien air tenperature is below freezing often one or nore of the aggregates, as well as th
wat er, nust be heated to produce the desired m ni mum 6tenperature of the freshly m xed concrete.
The heating of all the aggregates is the nore desirable nmethod since it insures that no ice, snow o
frozen chunks are present. However, if the coarse aggregate is dry and free of ice, snow, or froze
chunks, the heating of only the sand and water nmay be sufficient to produce the desired tenperature

(7) Heating aggregates can be acconplished nost satisfactorily by the use of steamin a close
system of coils in the aggregate storage bins. A closed systemof steamcoils tends to dry the
aggregates and bring about a uniform noisture content. Open steamjets should be avoided if
possi bl e because of the resulting fluctuation in nmoisture content of the materials so heated. |If,
however, emergency conditions require the thawing of fairly large quantities of aggregates at
extremely low tenperatures, or if railroad car or truck | oads of aggregates nust be thawed before
unl oadi ng, then steamjets may be the only practical nmethod. In such instances, thaw ng shoul d be
acconpl i shed as far in advance of batching as possible, the car or truck | oads unl oaded and
stockpi |l ed, and thereafter the steam should be cut to the mininmumthat will prevent freezing and th
stockpiles covered with tarpaulins to help maintain a uniformtenperature, pronote a nore uniform
noi sture content, and prevent the formation of a frozen crust on the surface of the stockpiles.
Variations in the nmoisture content and tenperature of the aggregates after thawing with steamjets
will require control of the total m xing water on an individual batch adjustment basis which is
difficult to obtain. Heated air in pipes, or hot water in a closed systemof coils, have al so been
used to keep aggregates ice-free

(8) Whatever nethod is used, the average tenperature of an individual batch of aggregates
shoul d not exceed 150 deg. F[115] and no aggregate should be heated above 212 deg. F[115] as such a
temperature may cause incipient cracking of the aggregate[22].

f. Mxing, transporting and placing. The mxing, transportation, and placenment of concrete
shoul d be acconplished with the nininum possible tenperature |oss[179]. The batching plant, or the
bat ching and mxing plant, if the concrete is centrally nixed, should be made heatable, if possible
or at least nmust be protected fromthe wind. The transporting and nmixing, if not centrally m xed,
and the placing nmust be done as quickly as possible so as not to allow the concrete to cool bel ow
the desired placing tenperature. The heat |osses during mxing, transporting, and placing are
difficult to deternmine with any degree of accuracy; however, authoritative sources indicate hourly
tenmperature | osses as high as 15 percent of the difference between concrete and surrounding air
tenmperature during this period. Consideration should be given to |arge transport vol unes and
i nsul ated and covered transport vehicles to keep this tenperature loss to a minimum Protection
fromthe wind during placement will also materially reduce the heat |oss through convection.

g. Protection of concrete in the curing period. Protection required for concrete during the
curing period will range fromnone in on-surface construction in summer to use of insulated forns,
heated covers or conplete heated inclosures,
dependi ng on the severity of environnental conditions and the nature of the iteminvolved. Problem
such as work protection and heating of materials can often be nininized through proper schedul e
pl anning. Since nost of the heat of hydration of cement is developed in the first few days after
m xing, protection is intended primarily to conserve the heat being devel oped and qui ck application
of protection for the freshly placed concrete is therefore of primary inportance.

(1) Insulation. Forns preferably should be well insulated before concrete
is placed. Unfornmed surfaces, and uninsul ated formed surfaces, should either be covered with
adequat e insul ating bl ankets or covered by vented shelters heated to maintain the desired
tenmperatures. The thickness of the insulating blanket to be used against the forms or against the
surface of the concrete nust be adequate to maintain the desired tenperature of the concrete under
the extrenes of |ow tenperature and concurrent wind conditions to be expected during the curing
period. Efforts to protect in-
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adequately insul ated concrete surfaces after the onset of extreme |ow tenperatures are sel dom
successful due to the press of other work during such critical periods. It should be renenbered
that, to be effective, the insulating nmaterial nust be kept in close contact with the concrete or
fornmed surface and air should not be permitted to circulate between it and the concrete. Particula
attention should be given to assure that edges and corners are provided with extra protection.
Protection of the insulating material w th heavy noi stureproof canvas or plastic sheeting fromw nd
rain, snow, or other wetting is essential. The insulation should have a conductance of not nore tha
0.25 Btu/hr-ft+2+- deg. F and should be maintained in such a condition that this value is not
exceeded

during the period of protection. As a general rule, concrete inclosed in forns and/ or adequate
protective insulation[202] will not |ose enough noisture to require additional curing water. Table
6-2 fromthe Bureau of Reclamation Concrete Manual [203] is a useful guide to insulated forms using
bat or bl anket insulation. Polystyrene or polyurethane foam equivalents require |ess thickness tha
bat or bl anket insulation and are nore suitable for re-use. On |larger projects special comercia

i nsul ated forms of plywood and foamed-plastic board nay be considered. Various substitute materia
as well as foamed-in-place techniques may be used. Insulation can usually suffice w thout

suppl enentary heat down to an anbient air tenperature of, say, 25 deg. F; this value, and also rule
of -thunb tenperature estinmates, involve considerable uncertainty because convection | osses depend
strongly on wi nd speed and because such variables as type of cenment and the thickness of concrete
section are al so invol ved

(2) Heating of forms. Below about 25 deg. F anbient tenperature, heat is

advi sabl e, together with the insulation. Fornms may be heated by steamjacketing or electrically.
recent product for efficient electrical heating consists of panels of woven glass, coated with
graphite and i npregnated with epoxy resin. The panels are readily incorporated into the insulation
of the formwork or may be sandwi ched with plastic protection.

(3) Heated enclosures. A nunber of types of heated enclosures may be used to protect
concrete fromloss of heat. Live steamis considered the best heating agent since it also insures
that the exposed concrete surfaces are not subjected to npisture evaporation[132]. The enclosures
must be reasonably tight and securely braced agai nst wind and snow | oading with particular care
given to tightness of openings in the enclosure. The use of hot air blowers is the second best

met hod of heating the air in an enclosure. Rapid drying of the concrete surface will result from
hot air, however, and the curing surfaces nust be kept danp. The use of open fires and sal amanders
while still in sonewhat general use, should be avoi ded wherever possible due to possible damage to

concrete fromdirect exposure to heat and from strong CO+2+ at nosphere[ 157]. The harnful effects o
CO+2+ can be avoi ded by the use of heaters which do not create combustion gases in the heated area
or by the renoval of gases fromoil burning heaters through proper venting to the atnosphere.

Menbr ane curing conpound applied to exposed surfaces of concrete is hel pful for preventing
detrinmental effects of COt2+ but should not be used as a substitute for venting oil burning heaters
Heaters al so create severe safety problens due to the hazards of fire and asphyxiati on. Passage of
electric current through the concrete or reinforcenment for heating purposes is a Soviet technique
that has serious conplications and drawbacks in danger to personnel and possible |ocal overheating
of concrete; it is not recommended. Any nechanical devices used to naintain heat after placing
shoul d be backed up by standby equi prent.

h. Protection after the curing period. After the specified curing and protection period, the
insulation and forms or the enclosure should be renoved only after careful review of the tenperatur
observations nade and recorded throughout the period and the results of the test specinens. Wen
is assured that the concrete has attained the desired strength, the protective and curing nmeasures
may be discontinued. Rapid chilling of the concrete surface nmust be avoided to preclude shrinkage
cracking and serious danage to the structure. Care should be used to avoid the rapid exposure of
| arge areas of fresh concrete to | ow anbient tenperatures. This can be acconplished by the gradua
renoval of the fornms in the presence of a source of heat, the dissipation of which is prevented by
tarpaulins or simlar sheltering devices, by renoval of fornms and i medi ate application of
i nsul ation, by slow reduction of heat supplied to encl osures, and
preferably by delaying renoval of forns or other protection until suitable tenperatures prevail
The time, trouble, and expense of heating the materials, and using protective neasures during the
m xing, transporting, placing and curing of the concrete will be wasted if the stability, durabilit
and soundness of the structure are jeopardized by a |l ack of concern at this |ast stage. The
temperature of the concrete should not be allowed to decrease at a rate of nore than 2 deg. F/ hr

i. Tenperature records. A conprehensive tenperature record should be kept during and after the
period of protection and included in the permanent records of the job. The tenperature of the
heat ed and unheated materials and the freshly ni xed concrete should be a part of this record. It i
desirable to obtain the tenmperature history of the interior concrete for each part of the structure
during and after the necessary period of protection and until the concrete tenperature stabilizes.
This can best be acconplished with thernocouples; however, the enmbednent of this-walled
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Table 6-2. Insulation Requirenents for Concrete Walls and for Concrete Sl abs and Canal Linings
Pl aced on the G ound[203]

A. Concrete walls; concrete placed at 50F. ------------------------------.
i Minimum air temperature allowable for these thickness of | commercia
bl anket or bat insulation, degrees F
Wall thickness, feet+ 1 0.5inch | 1
inch| 1.5inches 12.0 inches

Cement content--300 pounds per cubic yard

0.5 ! 47 |
41 H 33 | 28
100 ! 41 ! 29 ! 17 ! 5
150 ! 35 : 19 ! 0 ! -17
2.0 ! 34 : 14 : -9 : -29
3.0 ' 31 ' 8 ' -15 ' -35
4.0 ' 30 ' 6 d -18 d -39
5.0 ! 30 : 5 : 21 ! -43
Cement content--400 pounds per cubic yard
0.5 e, H 46 i
38 1 28 121
1.0 | 38 | 22 i 6 H -11
15 . ' 31 ' 8 ' -16 ' -39
2.0 ' 28 ' 2 ' -26 ' -53
30, i 25 | -6 | -36 Fernnrnnnnnns
4.0, i 23 | -8 | -41 Fernnrnnnnnns
50, i 23 | -10 ' -45 Pevervennnnnnns
Cement content--500 pounds per cubic yard
0.5 ! 45 |
35 ! 22 114
1.0, ' 35 ' 15 ' -5 ' -26
15 . ' 27 ' -3 ' -33 i -65
2.0 ! 23 : -10 ! -50 | eveeerenins
3.0 ! 18 : 200 S
4.0 i, ! 17 ! 223 I
5.0 ! 16 : 25 I
Cement content--600 pounds per cubic yard
0.5 ! 44 " |
32 ' 16 | 6
1.0. e ! 32 ! 8 ! -16 ! -41
15 . ' 21 ' -14 ' -50 | -89
2.0 ! 18 : 22 -50 | veeerenins
3.0 ! 12 : 34 S
4.0, ! 11 : 38 I
5.0 ! 10 : 40 T I

U. S. Army Corps of Engineers
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[retrieve Table 6-2. (cont.)]
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copper tubing into which a common thernmoneter can he inserted will give fair results. The
tenmperature of the concrete surfaces, the air tenperature of any protective enclosure and the
outside air tenmperature should be taken at |east twice daily and recorded. Additional readings
shoul d be taken whenever the situation warrants. The hum dity of heated encl osures should al so be
recorded. The surface tenperature of the concrete should be taken in numerous places including edge
and corners. Surface tenperature of satisfactory accuracy can generally be obtained by placing a
t her ronmet er agai nst the surface under a cover of insulating material until it registers a constant
t enperature.
6-5. Protection against the environnent.

a. GCeneral. Wile it is true that nost foundation construction is acconplished in sumer in
order to provide prepared support so that structures nmay be erected wi thout seasonal constraints,
is often necessary to extend foundation work into winter seasons. Provisions for protection of
construction against winter conditions should be initiated well before the first heavy frost or
snowfall and in far northern locations they should be ready at all tinmes. Wile weather records can
i ndicate the probable date of first freezing tenperatures and snow, the possibility of a
significantly earlier date should be assunmed. Adequate and timely protection of work can often sav
t he expense of renoving and replaci ng danmaged material and equi pnent. Often enclosures for w nter
protection can be advantageously enployed to protect the work also from sun, precipitation, crust,
heat and wi nd, and to provide conditions for maxi mum worker efficiency.

b. Barriers against tenperature, precipitation and w nd.

(1) The protection required for winter construction varies with the construction material, th
severity of the weather, and the duration and type of the work. As noted in the precedi ng section
uni nsul ated forms with tarpaulins and availability of tenporary heat if needed nay be adequate for
sone phases of work; others may require insulated fornms with supplenentary heat. Tenporary portab
shelters or enclosures may be utilized to enclose all or a portion of the work[193, 194]. Such
protection pernits the contractor to maintain schedules irrespective of weather and ensures maxi num
qual ity and productivity. The efficiency of men, unhanpered by extra clothes and the effects of th
el enents, is often a prinme consideration in selecting the type of enclosure to be used.

(2) Enclosures may consist of |ight portable buildings skidded to or erected
over the work site, air-inflated shelters, or tinmber or netal framing covered with transparent
plastic films, tarpaulins or canvas, plywood or building board. In addition to cost, enclosure
sel ection shoul d consider amount of |ight desired, effect of wind and snow, heating, ventilation

portability or reusability, and access openings for equipnent and personnel. Wnds in excess of 10
nph are common in sonme areas. Where drifting snow and hi gh wi nds are preval ent, even the snall est
openi ngs nust be avoided to prevent filling of the enclosed space with snow. Enclosures or shelter

may be sel f-supporting or extensions to the existing structural franmework. Enclosed scaffolds,
suspended from outriggers, provide a convenient and easily noved shelter for workmen and materi al
St andard sections of tubular scaffolding can al so be covered to provide an econom cal shelter
particularly for structures four or five stories in height. Buildings designed as prefabricated
structural shells that can be erected on prepared foundations in a matter of hours or at nost a few
days under even the worst outdoor conditions appear to offer distinct advantages, as interior
finishing can thereafter proceed in confort, with the aid of tenporary heat, w thout need for any
speci al enclosure; the building shell serves as its own protective enclosure.

c. Heating and light for w nter work.

(1) In addition to enclosing the work for winter protection, heat nust be supplied to protect
new concrete fromfreezing, thaw out and warm aggregates and prevent frost heaving, as well as
provide an efficiently confortable environnent for worknmen. Like shelters, heating requirenents
depend on the scope of work to be perfornmed. Heaters range from steam boilers, warmair units and
el ectrical space heaters to oil- or gas-fired sal amanders. The nbst commonly used heaters are oil -
fired space heaters producing up to 800,000 Btu/hr

(2) Wile it is desirable to maintain some degree of full-tinme surveillance
on all heating equipnent, coke-burning equipnent should never be |left unattended. Adequate
ventil ation should be provided for all heating units except electrical ones for the health and
safety of workmen and because of fire and ot her hazards. Some heaters (e.g., those using solid
fuel s) produce sul furous acid which produces excessive corrosion. Carbon dioxide, which is produce
by all fuel burning units, can danmage new concrete[ 157]. |nproper conbustion such as from cl oggi ng
of fuel nozzles in oil-fired units, especially types not vented outside the enclosure, can badly
contam nate the encl osure space with soot or atom zed but unburned fuel as well as produce carbon
monoxi de. Infrared | anps have been used to keep fresh concrete fromfreezing. The |anps can be
easily positioned and when arranged in a reflector in banks of three to five bulbs can protect a
considerable area. Wth any type of warmair or radiant heating systemit is especially inportant
that proper noisture and humidity conditions be nmaintained at the surface of the concrete and that
the concrete not be overheated. Electricity can also be used to
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protect concrete by conparatively | ow tenperature heating grids within the insulated formor by the
direct burial of heating cables within the concrete. The cables are cut off after the concrete has
cured. Heating tapes controlled by a rheostat are particularly useful at exposed corners, tops of
wal I s and ot her
thin sections which are susceptible to rapid cooling.

(3) Odinary light bulbs are often utilized to provide some heat in addition to their prinme
use as a source of light. Since both safety and worker efficiency are directly related to
illumnation, it is inperative that sufficient |lighting be provided. This is especially true in

wi nter when sunshine is at a mininumand if the enclosure further reduces any natural lighting. On
smal |l construction jobs five to ten 100-watt bul bs are sufficient illumnation for 1000 ft+2+ of
area

d. Fire hazards. Fire is a major hazard in arctic and subarctic construction

The use of tenmporary heaters within an often-confined work area enclosed with or containing many
conmbustible materials can be a potential fire danger. Heating equipnent should be nmaintai ned and
continually inspected to ensure proper functioning. Heating units should be carefully positioned
away from formaork, tarpaulins and other conbustibles and securely nmounted or placed. Electrica
heating is often advantageous on snmall jobs because of easy automated control and greater fire
safety, even though cost nmay be greater. Non-conbustible materials should be sel ected where

feasi ble. Tarpaulins should be flanme-proofed and secured from heavy wi nds. Firefighting equi prent
shoul d be strategically placed both inside and outside of the enclosure and building at all tinmes
for quick access. When insulation can be used to avoid or reduce heating requirenments, it may be
possible to reduce risk of fire

e. Protection of fills, backfill and enbanknents. Wnter protection of fills,

backfills and enmbanknments is usually only justified for such purposes as (a) tenporary prevention o
freezing pending foundation or other include: enplacenent or (b) protection of underlying
construction such as utility pipes when construction is inconplete. A covering of peat or |oose

earth is ordinarily the best neans of protecting the backfill fromfreezing. Loose rock backfill i
ordinarily too porous to provide much protection against freezing. |If loose earth is used, buildin
paper, straw, or sone other easily identifiable material can be placed on top of the conpacted
backfill so that the limts of the tenporary fill can readily be determned at the time of renoval
Careful records should be kept of all such tenporary fills which nmust be renmoved before backfilling

operations are resunmed. A checklist should be maintained to insure that all tenmporary fills are
removed at the beginning of the follow ng construction sequence. After such insulating tenmporary
fills are renoved, the density of the underlying conpacted fill should be checked carefully before
backfilling operations are resuned. Any previously conpacted backfill which has lost its specified
density due to freezing should be renoved or reconpacted.
f. Foundation protection. The need to protect the foundation agai nst frost
heave or thaw settlenment during construction is sonetinmes overl ooked[148]. Wen frost-susceptible
soils are present, it is essential that the foundation be protected until the backfill is in place
and, if heat in the structure is depended upon to prevent frost action, until heat is avail able.
Met hods whi ch nay be used to provide protection of foundations against frost heave in seasona
frost areas include the followi ng, individually or in conbinations, as appropriate:

Cover of earth, hay, sawdust, peat or other indigenous nmaterial

Directly applied bat, blanket or foaminsul ation

I nsul ated structural enclosure or tentage

Cover of polyethylene sheeting or special fabric inflated by hot air blower. Saturation of

foundation soils with salt solution to prevent freezing. Flooding of foundation with water tc

a depth of a foot or nore greater than

the normal ice thickness for the area
Hot air, steam or electrical heat.
Met hods to prevent or mininize degradation of permafrost have been di scussed in previous
sections and incl ude:

Schedul i ng work in periods of belowfreezing air tenperatures.

Covering permafrost with protective fill or backfill. Shading or enclosure

I nsul ati on.

Artificial refrigeration.
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CHAPTER 7
MONI TORI NG PERFORVANCE

7-1. General.

a. Although periodic visual inspections are an essential part of performance
nonitoring, destructive trends nmay be present for several years before visual signs of foundation
di stress appear. Gradual warmng of frozen soil has little effect on perfornmance until the nmelting
point is reached. Severe danage can then rapidly develop if the foundation has high ice content.
Excepti onal weat her conditions or changes in operation nay al so i nduce nore abrupt deviations. By
installing instrumentation, such efforts can be detected and stopped before damage results. |If
di stress does occur, instrunentation provides the evidence needed to establish the source of the
probl em whi ch ot herwi se nust be defined by deductive reasoning, a process of linited value where
uni que foundation conditions are encountered

b. Were possible, basic instrumentation for nonitoring the performance of a foundation and
structure should be installed prior to construction in conjunction with the program of subsurface
expl oration. Frost-free benchmarks, tenperature sensors, frost gauges, water wells and ot her
devices installed in drill holes at that time will define the undisturbed conditions as well as and
subsequent changes caused by the facility. Additional instrunentation should be installed during
the construction. The type and anount of instrunentation and the observational frequency depend on
the type of building and foundation, its purpose, and the subsurface and environnmental conditions.
c. 1In 1943 Dr. Karl Terzaghi[196] wote: "Records with potentially valuable
i nformati on have becone worthl ess on account of a few onissions which escaped attention at the tine
the record was filed. Qhers have never served a useful purpose because the data were so poorly
presented and cunbersone that no one could afford the tinme to unravel and di gest them™
Consequently, well organized systens for data collection and anal ysis shoul d be established at the
time instrumentation is installed and summary data reports prepared periodically. Photographs taken
before, during, and after construction are often useful. Broad conparisons and eval uati ons on a
regi onal or extra-agency basis also provide extrenely val uable i nput for devel opnent of new and
i mproved criteria. Copies of such data and reports should be submtted to CRREL for incorporation
into its records under its mssion of obtaining performance feedback, naintaining cognizance and
di sseminating information on cold regions science and engi neeri ng.

7-2. Inspections. Periodic inspection of the performance of facilities is essential to detect
possi bl e evi dences of foundation distress. Witten and photographic records of inspections should
be mai ntained so that the devel opnent of problens can be fixed in tinme. Additional instrunmentation
shoul d be install ed when needed to assist inspection. A brittle plaster patch (tell-tale) placed
over a crack will indicate if novenents are continuing. Mechanical and electrical strain gages nay
al so be considered. Inspection of interconnecting utilities and adjacent areas is al so inportant
because leaks in utility lines, insufficient surface drainage provisions, disruption of natura
ground water, thermal disturbance and other factors may cause unanticipated probl ens.

7-3. \Vertical novenent neasurenent.

a. Measurenent points should be installed at the key points on the foundation

so that frost heave or settlement deflections can be nonitored. The points should be established
during construction and their elevations referenced to a frost-free stable benchmark (Chap 5)

| ocated sone distance away in an undi sturbed area. |f an adequate benchrmark is unavail able, the
relative el evations of points on the structure should at |east be neasured. Since it is not always
possible to predict potential problemareas, the el evation of numerous points on and around the
foundati on should be established initially. Subsequent surveys need not be as conprehensive. |If
foundati on nmovenents do occur, the pattern of neasurenent points can then be adjusted as needed.

Al | owance shoul d be made for renoval

bl ockage and damage to points during the life of the structure by establishing enough points so as
not to be too dependent on any one

b. Al though expensive, manoneter systens are occasionally used to neasure the

relative el evation of points on a structure[130]. By interconnecting the upper ends of the
manonmeters with a hose, variations in atnospheric pressure fromone point to the next can be
elimnated. To avoid introducing errors caused by variations of liquid density with tenperature,

t he manoneters should be nmintained at the sane tenperature, or tenperatures should be nmeasured and
corrections applied

c. Under some conditions, such as where soil creep is occurring, neasurenent

of horizontal conponents of novenent may al so be needed.

7-4. Tenperature sensing. Were rembte sensing of tenperature is necessary electrical systens are
general ly required. These are the nost versatile and nost frequently used systens for nonitoring
freeze and thaw conditions in the ground. Either thernocouples or
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therm stors may be used. The choice is based chiefly on the degree of precision required.
Sohl berg[ 92] presents a conprehensive anal ysis of the basic systens and their sub-features.
Ther nohns, which are wound wire resistors that experience resistance change with tenperature, have
been used extensively in the past but are now little used because of their expense and because the
substantial size, their volunetric heat capacity, and their heat conductance capacity in both probe
and cabl e present substantial potentials for error in tenperature neasurenents.

a. Thernocoupl es.

(1) In essence, a thernocouple is a very weak battery created sinply by joining wires of two
dissimlar netals. The strength of this "battery" changes with changi ng tenperature and by
nmeasuring the small voltage produced the tenperature at the binetallic junction can be determ ned.
When an electrical circuit consisting of two dissimlar wires is closed at both ends, two
thernmocoupl es are created. They are in electrically opposite directions and if the two junctions
are at the sane tenperature, the voltage produced by one offsets that produced by the other. [If th
two junctions are not at the sane tenperature, a net voltage difference is produced. Consequently,
it is not the tenperature at a single thernoelectric junction that is nmeasured but rather the
difference in tenperature between two junctions. Thernocouple circuits are generally arranged so
that one of the junctions (the sensor) is placed at the point where an unknown tenperature is to be
nmeasured and the other (the reference) is placed in a mxture of ice and water which naintains
itself at 0 deg. C (32 deg. F). The difference in enf is usually neasured by mllivolt
potentioneter together with an unsaturated nercury-cadm um standard cell voltage reference. An
el ectronic null detector should be used with the potentioneter. The two dissinilar wires comonly
used are copper and constantan. Tables are avail abl e[27] for converting voltage readi ngs obtai ned
on a precision potentioneter for these wires when the reference junction is nmaintained at 0 deg. C

(32 deg. F). If field neasurenents on a top quality installation are obtained carefully, with firs
rate equi pnent, the tenperatures can be obtained within about 0.4 deg. C (3/4 deg. F) (+/-) of the
true values. |f the neasurenents on a given thernocouple assenbly are all nade in a single

operation over a reasonably short period of time, so that tenperatures do not change significantly,
the relative tenperatures indicated between the thernocouples can be correct within nmuch cl oser
limts. Oten differences in tenperature between various points are nuch nore inportant and usefu
than actual tenperature levels. Since the nucleation tenperature is usually displaced bel ow 32 deg.
F in finegrained soils, the positions of interfaces between frozen and unfrozen materials are
usual Iy nore accurately determ ned by changes in slope of the curve of ground tenperatures vs depth
than by the positions of the 32 deg. F isotherm To take maxi num advantage of this situation
differential values of enf between sensor thernocouples may be neasured directly. Since experience
i ndicates that the accuracy |evel of portable potentioneter field work is about +/- 0.1 to 0.2 deg.
F (+/- 0.1 deg. O, differential tenperature neasurenents may approach this

degree of accuracy on an individual assenmbly if all other sources of error, including thernocouple
wire characteristics, influence the apparent enf’'s fromall thernocouples equally. To enhance the
probability of the latter situation, it is desirable that all the thernpbcouples in a given assenbly
be made fromthe same run of thernocouple wire. Thus, in actual frozen ground nmeasurenents,

t hernocoupl es may often be used to greater advantage than their capacity to yield true tenperatures
woul d suggest, so long as tenperature gradients are reasonably pronounced.

(2) Thernocoupls are relatively sinple and cheap conpared to other electrical ground
tenmperature neasurenent systens. They give good results when tenperature gradients are |arge enoug
so that very high precision in individual readings is not needed. Their disadvantages include the
probl ens of meking and maintaining ice baths and of using and protecting standard cells under wnte
conditions. In order to obtain reliable tenperature nmeasurenents, any potentiometer should be
mai nt ai ned at a tenperature above 0 deg. and the ice bath container kept above 32 deg. F. This is
best acconplished in the field in winter by placing the potentioneter in a shock-nounted heated
(electric or exhaust gas) enclosure in an oversnow or other vehicle and naki ng provision for the
observer
to carry the ice bath container and the potentioneter batteries and standard cell beneath his parka
connected to the potentioneter by extension |eads. The |eads fromthe thernmocouple cable can then
be fitted with a suitable connector and attached directly to a mating connector on the potentionete
encl osure. The thermal gradient across the signal |oad connector will cause a zero offset but the
anmount of this offset can be easily determ ned by connecting the input termnals on the
potentionmeter together with a short Iength of wire and reading the offset voltage.

b. Thernmistors. \When greater precision is needed than is obtainable with thernocouples,
therm stors of a select type, stabilized and properly calibrated, should be used.

(1) Thermistors are sem conductors consisting of conpounds of various metal oxides which
exhibit extrenely large changes in resistance with tenperature change. Resistance variation with
tenmperature is approxi mately exponential and a fairly el aborate calibration procedure is required.
Sohl berg[ 92] has described such a procedure. A Wheatstone bridge is used to
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measure the thermistor resistances and the calibration curve used to convert to tenperature.
Therm stor systens are conplex to fabricate and cost nore than thermocouples but careful field
fabrication installation and observation techni ques can produce results repeatable to better than
0.01 deg. C (0.02 deg. F) and accurate to better than 0.05 deg. C (0.09 deg. F). \Were slight
tenmperature changes are critical their extra expense may be justified. However, in foundation work
the added precision often may not be usable to real advantage. Experience has shown that
uncal i brated therm stors with direct reading instrunents are sel domaccurate to 1 deg. F. An
assenbly intended for underground installation nust be very carefully protected agai nst noisture,
because variations of npoisture content within the system woul d change resistances in both the bead
and the insulation and hence the apparent tenperatures. Thermi stors of the type contained within a
shock-resi stant gl ass bead protective cover should be used and the connecting systemof w res and
i nsul ati ons shoul d be assenbled with el aborate precauti ons agai nst npoisture penetration. Because
therm stors are al so pressure-sensitive, the therm stor beads nmust be surrounded by protective nmeta
sl eeves or other enclosures within the assenbly when pressures such as from freezing of soil or
wat er may occur. Possible errors caused by resistances of |eads and contacts in the circuits nust
be avoided. The thernmi stors must be stabilized by an accel erated agi ng process at tenperatures wel
above the operating range and thermal stress adjusted by cycling to tenperatures bel ow t hose
expected in application
(2) Thermistors elimnate the ice bath problenms of thernocouples and the
probl em of thermal gradients across the signal |ead connector, making field observational technique
| ess conpl ex. However, a heated shock-mounted enclosure is still required to house the \Weatstone
bridge, in the same manner as for the potentioneter for thernocouples, for reliable field results.
Care must be taken to control the anpunt of current put through the therm stor during the Weatston
bri dge neasurenents so as not to change its resistance by nore than the accuracy of neasurenent
required. In precise work, errors due to thernocouples in the system nmust be avoi ded by proper
observational techniques.

7-5. O her systens for freeze and thaw nonitoring. Several systens other than thernocouples or
thermi stors are possible for locating the interface between frozen and unfrozen nmaterials and may
under somre conditions be used in their place. Some of these do not require the assunption of a
freezing tenperature but determne the interface directly.

a. Probing. In sumer, a steel rod can be driven through unfrozen soil in the

annual thaw zone until it encounters underlying permafrost. Several nethods of driving nay be used
In soft, fine-grained soils a sharpened 1/4- to 1/2-in.diameter steel rod can be pushed down to as
much as 15 feet[55] with the help of a pair of clamp-grip pliers as
illustrated in figure 7-1a. By making a hole part

way by sone nethod, hand probing can be extended further. |In slightly stiffer soils a sl edgehamrer
may be needed. Hand augering or test pitting may al so be used. For soils in which manual et hods
of penetration are difficult or inpossible, or when a frozen |ayer nust be penetrated, a drill rod
or other rod can be driven by a pneumatic drill. Regular exploration, auger or other poweroperated
drill rigs may al so be used. The interface between a frozen |ayer and an underlying unfrozen | ayer
will usually be detectable by the decrease in resistance to penetration. However, if there is
guestion, the scheme shown in figure 7-1b may be tried, raising the L-shaped rod in contact with th
wal | of the bore hole until the interface is felt.

b. Soil electrical resistance. Wen a soil freezes, a large increase in its electrica
resi stance occurs. This resistance can be neasured between copper or conductive epoxy electrodes o
the outside surface of a nonconductive pipe which is buried vertically in the soil. The variation
of soil resistance with depth deternmined with this device delineates frozen and unfrozen strata. A
schemati c of a device devel oped by Aitken at CRREL[26] together with typical electrical resistance
data are shown in figure 7-2. The CRREL tests were acconplished successfully using a |ow | eve
direct current system |In sonme soil conditions it mght be necessary to nake an a-c resistance
nmeasurenent to avoid polorization at the el ectrodes.

c. Seismic. The rigidity and consequently the seisnmic velocity of soi

i ncreases when it is frozen. Consequently, conventional refraction seismc surveys can be used to
determne the depth to frozen ground bel ow unfrozen material in the same fashion that bedrock is
delineated. For relatively shallow annual thaw zone depths, special seismc equi prent capabl e of
handl ing extrenely short refraction time intervals nust be used. However, the thickness of a froze
| ayer (annual frost or permafrost) cannot be determ ned by refraction seisnmc nmethods. Reflection
type equipnent is currently being tested for use in permafrost areas[84, 85, 124].

d Col or change of material within a tube inserted into the ground. |If a sealed tube filled
with noist sand is inserted into the ground inside of a fixed outer tube, sealed at the bottom
positions of frozen and unfrozen zones in the ground can be determined at any desired tine by
wi t hdrawal and inspection of the tube. Dyes such as nethyl blue or fluorescein are used to
intensify the color difference. Devices of this type have been investigated or used in Al aska by
the Permafrost Division

3
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[retrieve Figure 7-1a. Permafrost and frost probing techniques (Probing to frozen ground.)]

of the Corps of Engineers (in the early 1950's), in Geenland by the Arctic Construction and Frost
Ef fects Laboratory (in the mid-1950’s), in a nunmber of North Anerican |ocations by CRREL (in the

|l ate 60's)[44], in Scandi navia as reported by Gandahl [146], and in Canada by the Saskatchewan Dept.
of Hi ghways[136] and the Division of Building Research, National Research Council of Canada.

Advant ages are sinplicity, econony, and avoi dance of electrical conplexities. Potentia

di sadvant ages are (a) lack of thermal correspondence of the sand in the tube with the surroundi ng
soil, with resultant errors, (b) expansion of the inner tube and inability to withdraw it under
certain freezing conditions, and (c) |ack of detailed thermal gradient data.

7-6. Monitoring groundwater

a. Sinple observation wells have generally proven to be the nost reliable method of nonitoring
groundwat er el evations. To prevent cutoff of water by frozen zones the entire length of the casing
shoul d be perforated. Since frost action can progressively lift the casing, heave prevention
nmeasur es shoul d be enpl oyed (chap 5).

b. In the fall the elevation of groundwater begins to decrease as soon as the
ground begins to freeze (fig. 2-4)[35]. Witer standing in an observation well freezes at the top
when the frost line reaches it. Because the ice is frozen to the pipe it does not drop with

subsequent | owering of the water table. It has been observed that after ice in such wells is cut
through at a later date, the water in the well drops below the |evel of freezing as suction is
rel eased and thereafter remains unfrozen (provided the well is covered) unless the frost |ine

reaches the new depth. Consequently, adequate time should be provided for equilibriumto devel op
once the ice is cut and the suction rel eased, before readings are accepted as valid.
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c. A water level indicator device utilizing an electrical contact and visua
or audible signal is reconmended for neasuring the water table position in the well and may be
obtained fromsoils testing equi pment suppliers. For very shallow depths a tape or ruler nmay
suffice. To prevent freezing, kerosene has been added in wells to displace a portion of the water
colum. Air pressure has also been used with linited success in sealed wells to force the water
bel ow the frost line. Since the pressure is released when a reading is taken, this nethod is usefu
only in highly pernmeable soils where stability is rapidly achieved. After the measurement is nade,
the well is again pressurized[65]. WIIians and vanEvardi ngar[209] have reviewed the state-of-the-
art of groundwater neasurenment in pernafrost regions, including use of soil npisture cells.
However, under the severe conditions encountered on construction projects, noisture cells may not
al ways performreliably[37].

d. In areas of seasonal frost, electrical resistance gages and various types of pore pressure
nmeasuri ng equi prent (piezoneters) can al so be enpl oyed, provided
that the sensing elenent is |ocated bel ow the maxi nrum depth of frost penetration. Freezing of water
in the tubing of standpipe type piezoneters can be a problem Carlson, Kane and Bowers[129] and
Sl aught er and Kane[192] have reported on use of piezometers in recent groundwater studies in centra
Al aska. Dye solutions can be used to trace the paths and quantity of groundwater flows. This
techni que was successfully used to study ground flow in the annual thaw zone at Thul e AB[ 105].

[retrieve Figure 7-1b. Permafrost and frost probing techniques. (Probing through frozen ground.)]
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[retrieve Figure 7-2. Electrical resistance gage for deternination of frost penetration]
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Function of the former Arctic Construction and Frost Effects Laboratory (ACFEL) and the Snow, Ice
and Permafrost Research Establishment (SIPRE) were transferred to the U S. Arny Cold Regi on Researc
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Regi on Research and Engi neering Laboratory (USACRREL) in 1961.

A-2



[ 54]
[ 55]
[ 56]

[71]

Divis

[81]

[ 82]

[ 83]

[ 84]

[ 85]

[ 86]
[87]

TM 5-852- 4/ AFJMAN 32- 1087

Davis, R M, Design, Construction and Performance Data of Uility Systens, Thule Air Base.
CRREL Speci al Report 95, 1966.

Davis, RM and Kitze, F.F., Soil Sanmpling and Drilling Near Fairbanks, Al aska--Equi prent and
Procedures. CRREL Technical Report 191, 1967.

Foster-M |l er Associates, Inc., Final Phase | Report on an Investigation of Methods of
Conveyi ng Snow, Ice and/or Frozen Ground from an Excavation to a Disposal Area. CRREL
Internal Report 23, 1967.

Devel opnent of Fundanmental Concepts for the Rapid D sengagenent of Frozen Soil. CRREL
Techni cal Report 233, 1973.

Frost Effects Laboratory[3], Addendum No. 1, 1945-1947 Report on Frost |nvestigation, 1944-
1945. ACFEL Technical Report 24, 1949.

Col d Room Studies, Interim Report 1949-1950. ACFEL Techni cal Report 33, 1950.

Col d Room Studi es, Second Interim Report of Investigations, FY 1950 and 1951. ACFEL Techni cal
Report 36, 1951.

I nsul ation of Concrete Floor Slabs on G ade (Prelimnary Report). ACFEL M scel | aneous Paper 3
1952.

Frost, R E., Evaluation of Soils and Pernmafrost Conditions in the Territory of Al aska by Mean
of Aerial Photographs. ACFEL Technical Report 34, 1950.

Fyfe, T.M, Dynam c Testing of Frozen Soil Sanples with an Exploding Wre System Mathematica
Sci ences Northwest, Inc., Rpt. 68-53-1 for CRREL, 1968.

G lman, G, The Freezing Index in New Engl and. CRREL Special Report 63, 1964.

Di spl acement Met hod for Ground Water Observations During Freezing Periods. CRREL Internal
Report 39, 1967.

Hoekstra, P., Chanmberlain, E. J. and Frate, A, Frost-Heaving Pressures. CRREL Research Report
176, 1965.

Joachim C.E., Shock Transm ssion through Ice and Snow. U. S. Arny Waterways Experinent Statio
Techni cal Report 1-794, 1967.

Kapl ar, C. W, Laboratory Determ nation of the Dynam c Mduli of Frozen Soil and of Ice. CRREL
Research Report 163, 1969.

Some Strength Properties of Frozen Soil and Effect of Loading Rate. CRREL Special Report 159,
1971.

Moi sture and Freeze-Thaw Effects on Rigid Thermal Insul ations. CRREL Technical Report 249,
1974.

Kaplar, C.W and Wesel quist, K, Sunmary Report of Laboratory Studies Performed under
Projects SP 15 and SP 48, Materials in Cold Clinmates. CRREL Internal Report 46, 1968.
Kersten, M S., Laboratory Research for the Determ nation of the Thermal Properties of Soils.

ACFEL Techni cal Report 23, 1949.

Kersten, M S., and Lobacz, E.F., A Study of Building Foundations. ACFEL M scel | aneous Paper
22, 1958.

Kitze, F.F., Installation of Piles in Permafrost. ACFEL M scel | aneous Paper 18, 1957.

Linell, K A, Use of Ice as a Load Supporting Surface. ACFEL M scel | aneous Paper 19, 1958.

McAnerney, J .M, Investigations of Subsurface Drainage at the BMEWS Facility, Thule,

Greenl and. CRREL Special Report 111, 1968.

Mel lor, M, Blow ng Snow. CRREL Monograph II1-A3c, 1965.
M chel, B., lce Pressure on Engineering Structures. CRREL Monograph II1-Bl b, 1970.
Wnter Reginme of Rivers and Lakes. CRREL Monograph Il1-Bla, 1971. [80] Pernafrost

on, St. Paul District, CE, Investigation of Mlitary
Construction in Arctic and Subarctic Regi ons, Conprehensive Report, 1945-1948. ACFEL
Techni cal Report 28, 1950.
Qi nn, WF., MAnerney, J. and Hawkes, |., Blasting Frozen Ground with Conpressed Air.
CRREL M scel | aneous Publications 279, 1969.
Reed, R E., Refrigeration of a Pipe Pile by Air Circulation. CRREL Technical Report 156,
1966.
Huck, R, Strain Cage Instrunented Piles in Permafrost. CRREL Special Report 144
(unpubl i shed).
Roet hl i sherger, H., Seismc Exploration in Cold Regi ons. CRREL Monograph
I'l-A2a, 1972.
Application of Seismic Refraction Soundings in Permafrost Near Thul e,
Greenl and. CRREL Technical Report 81, 1961.
Sanger, F.J., Foundations of Structures in Cold Regions. CRREL Monograph
I11-C4, 1969.
Sayles, F.H , Creep of Frozen Sands. CRREL Technical Report 190, 1968. [88] Scott, R F.,

Heat Exchange at the G ound Surface, CRREL Monograph |I-A1,

1964.

[3] The Frost Effects Laboratory and the Permafrost Division, US. Arny Engineer District, St.

Paul ,

were conbined in 1953 to formthe Arctic Construction and Frost Effects Laboratory (ACFEL),

U.S. Arny Engi neer Division, New England, and see note 2.

A-3



TM 5-852- 4/ AFJMAN 32- 1087

[89] Sellman, P.V., Ceology of the USACRREL Permafrost Tunnel, Fairbanks,
Al aska. CRREL Technical Report 199, 1967.

[90] Smith, J.L., Shock Tube Experinents on Snow. CRREL Technical Report 218,
1969.

[91] Snmith, N., Deternmining the Dynanmic Properties of Snow and |ce by Forced
Vi bration. CCREL Techni cal Report 216, 1969.

[92] Sohlberg, E.T., Surface Tenperature Measurements. CCREL Internal Report
485, 1976.

[93] Stevens, H W, Measurenent of the Conplex Mduli and Danping of Soils
under Dynamic Loads; Laboratory Test Apparatus. Procedure and Anal ysis. CRREL Technica
Report 173, 1966.

[94] The Response of Frozen Soils to Vibratory Loads. CRREL Techni cal Report

265, 1975.
[95] Stormer, C.D., Cold Concrete. CRREL Technical Report 220, 1970.
[96] Swinzow, G K., Tunneling in Permafrost Il. CRREL Technical Report 91,
1964.

[97] Permafrost Tunneling by a Continuous Mechani cal Method. CRREL Techni cal
Report 221, 1970.
[98] Tsytovich, N.A and Sungin, M., Principles of Mechanics of Frozen G ound. Akad. Nauk
SSSR, 1937. USA SIPRE Translation 19, 1959.
[99] U S. Arny Cold Regions Research and Engi neering Laboratory (CCREL),
Ground Tenperature Cbservations, Fort Yukon, Al aska. CRREL Techni cal Report 100, 1962.
[100] CRREL, Thaw Penetration and Subsi dence, 500-Man Barracks, Ladd AFB.
CRREL I nternal Report 12, 1966.
[101] Ground Tenperature Cbservations, Bettles, Tanana and Unal akl eet, Al aska.
CRREL Internal Report 489, 490, 491, 1976.
[102] Ground Tenperature GChservations, Aishihik, NN W T., Canada; Sunmit, Wainwight,
Fai r banks, Anchorage, Nonme, Pt. Lay, Shunghak and Wal es, Al aska. CRREL File reports,
1966.
[103] U.S. Arny Engineer District, Eastern Ccean, Stability and Settl ement
Anal ysi s, Runway Extension, Sondrestrom AB (BW8). Technical Report No. ENG 436,
prepared by J.F. Haley, Consulting Foundation Engineer, for Metcalf and Eddy and
Al fred Hopki ns and Associ ates, New York, N.Y., 1957.
[104] Geenland Conpl etion Report, 1951-1955. Prepared by Metcalf & Eddy and Lapierre,
Litchfield and Partners, Engineer and Architect, New York, N.Y.
[105] Airfield Drainage Investigation, Thule AB, FY 1958. Technical Report No. ENG 455, preparec
by Metcal f and Eddy and LaPierre, Litchfield, Boston, Mass., 1958.
[106] U.S. Arny Waterways Experinent Station, A Procedure for Determning
El astic Mduli of Soils by Field Vibratory Techni ques. M scel | aneous Paper No. 4-577,
1963.
[107] Vialov, S.S., The Strength and Creep of Frozen Soils and Cal cul ati ons
for Ice-Soil Retaining Structures. Akad. Nauk SSSR, 1962. CRREL Translation 76, 1965.
[108] Wechsler, A E., Devel opnent of Thermal Conductivity Probes for Soils and
I nsul ati ons. CRREL Technical Report 182, 1966.
[109] WIlson, C., Cimtology of the Cold Regions. Introduction and Northern
Hem sphere |I. CRREL Monograph |-A3a, 1967.
[110] dimtology of the Cold Regions. Northern Hem sphere Il1. CRREL Monograph
I - A3b, 1969.
[111] Wbods, K B., Fadum R., Assur, A, Boyd, WK, Linell, KA and Sterrett, K, Al aska Trip
Report. CRREL Files, 1967.
[112] Wbods, K. B., Linell, KA and Crory, F.E., Al aska-Canada Trip Report.
CRREL Files, 1963.
[113] Yoakum D., A Survey of Wnter Construction Practices: Earthwork, Concrete and Asphalt.
CRREL Special Report 76, 1966.

Department of the Navy

Techni cal Report

[114] Arctic Engineering. Technical Publication NAVDOCKS TP-PWI I, 1955. [115] Anmerican

Concrete Institute, Cold Wather Concreting. ACI 306 R-78. [116] American Society of Civil

Engi neers, |Ice Pressure Against Dans: A
Synmposium Bertil Lofquiest, A D. Hogg, G E Mnfore and di scussi on paper 2656,
Transactions, ASCE, Vol. 119, 1954.

[117] American Society of Heating, Refrigerating and Air-Conditioning

Engi neers, ASHRAE Handbook and Product Directory. ASHRAE, New York, 1976, 1977,
1978, 1979.

[118] Anmerican Society for Testing and Materials, Piles Under Axial Conpressive Load. ASTM D
1143-74.



[119] Anmerican Society for Testing and Materials, Steady-State Thermal Transm ssion
Properties by Means of the Guarded Hot Plate. ASTM C 177-76.

A-4



[ 120]

[121]

[122]

[ 123]

[ 124]

TM 5-852- 4/ AFJMAN 32- 1087

Anerican Standards Association, Inc., American Standard Building Code Requirenments for
Excavations and Foundations, LA56.1-1952. Sponsored by American Society of Civil
Engi neers, 1953.

Anderson, D.M and Mrgenstern, N. R, "Physics, Chenistry and Mechanics of Frozen G ound --
Review." In Permafrost: The North American Contribution to the Second International
Conf erence, Yakutsk. National Acadeny of Science--National Acadeny of Engineering--
Nat i onal Research Council, Wshington, D.C, 1973.

Low Tenperature Phases of Interfacial Water in Cay-Water Systems. Soil Sci. Soc. Am Proc.,
Vol 35, No. 1, pp. 47-54, 1971.

Anderson, D.M and Tice, AR, Predicting Unfrozen Water Contents in Frozen Soils from
Surface Area Measurenents. In Hi ghway Research Board Synposium on Frost Action in
Soi |l s, Highway Research Record No. 393. 1972.

Barnes, D.F., Geophysical Methods for Delineating Permafrost. In Permafrost: Proceedings,
I nternational Conference, Purdue University.

Nat i onal Acadeny of Sciences--National Research Council Pub. No. 1287, pp 349-355, 1963.

[ 125]

[ 126]
[127]

[ 128]
[ 129]

[ 130]
[131]

[132]
[ 133]

[ 134]
[ 135]

[ 136]
[137]

[138]
[139]
[ 140]
[ 141]

[ 142]

[ 143]
[ 144]

Beskow, G, Soil Freezing and Frost Heaving with Special Applications to Roads and Rail roads
The Swedi sh Ceol ogi cal Society, 26th Yearbook, No. 3, Series C, No. 375, 1935.

Transl ated by J. O Osterberg, Northwestern University Technol ogical Institute, 1947.

Bl ack, R F., Some Problens in Engineering Geology Caused by Permafrost in the Arctic Coastal
Pl ain, Northern Al aska. Arctic, Vol. 10, pp. 230-240, 1957.

Boller, K H Strength of Wod at Low Tenperatures. In Low Tenperature Test Methods and
St andards for Containers--A Synposium Advisory Board on Quarternaster Research and
Devel opnent, NAS-NRC, Washington, pp. 65-76, 1954.

But kovich, T.R, Frozen Earth Materials as Seism ¢ Decoupling Materials. Lawence Radiation
Laboratory, University of California, Report TID 4500, 1968.

Carlson, RF., Kane, D.L. and Bowers, C. E., G oundwater Pore Pressures Adjacent to Subarctic
Streanms. In Permafrost: The North Anerican Contribution to the Second | nternational
Conference, Yakutsk. NAS-NAE-NRC, Washington, D.C., 1973.

Casagrande, A and Fadum R E., Application of Soil Mechanics in Designing Building
Foundations. Tran. ASCE, Vol. 109, pp. 383-490, 1944.

Casagrande, A. and Shannon, WL., Research on Stree-Deformation and Strength Characteristics
of Soft Rocks under Transient Loading. Soil Mechanics 1Series 31, Gaduate School of
Engi neering, Harvard University, 1947-48.

Crane, C. O, SteamCuring Protects Wnter Concreting. J. Am Concrete Inst., Vol. 22, pp.
214-216, 1950.

Crory, F.E., Pile Construction in Permafrost. Proc. ASCE, Vol. 86, No. SM4, pp. 87-94, 1960.
(Di scussion of J.A Pihlainen, Ibid, Proc. ASCE, Vol. 85, No. SM5, Decenber 1959, pp. 75-
95.)

Pil e Foundations in Permafrost. In Permafrost: Proceedings, International Conference, Purdue
Uni versity. NAS-NRC Pub. No. 1287, pp. 467-472, 1963.

Settl enent Associated with Thawi ng of Permafrost. In Permafrost: The North Anerican
Contribution to the International Conference, Yakutsk. NAS-NAE-NRC, Washi ngton, D.C.,
1973.

Culley, RW, Frost Penetration in Saskatchewan Pavenents. Dept. of Hi ghways, Saskatchewan,
Canada, Technical Report 6, 1967.

Dias, WC. and Freedrman, S., Discussion: Pile Foundations in Permafrost, by F.E. Crory. In
Per maf rost: Proceedi ngs, International Conference, Purdue University. NAS-NRC Pub. No.
1287, pp. 442-474, 1963.

Di ckens, H B. and Gay, D.M, Experience with a Pier-Supported Building over Permafrost.
Proc. ASCE, J . Soil Mech. Fdn. Div., No. 86, pp. 1-14, 1960.

Dow Chenical Co., Water Accumul ation in Styrofoam Report No. 2560-722E,

1966.

Dunham J. W, Pile Foundations for Buildings. Proc. ASCE, J. Soil Mech. Fdn. Div., No. 80,
1954.

Ferrians, O J., Jr., ERTS and Arctic Engineering CGeology in Alaska. In Sumuaries, Proc. 8th
I nternational Synposium on Renpte Sensing of Environment. University of M chigan, Ann
Arbor, M chigan, pp. 153-154, 1972.

Ferrians, O J., Jr. and Hobson, G D., Mapping and Predicting Permafrost in North America: A
review, 1963-1973. In Permafrost: The North Anerican Contribution to the Second
I nternational Conference, Yakutsk. NAS-NAE-NRC, Washington, D.C., 1973.

Forest Products Laboratory, Wod Handbook. U.S. Dept. of Agriculture Handbook No. 72, 1955.

Frischknecht, F.C. and Stanley, WD., Airborne and Ground El ectrical Resistivity Studies
Al ong Proposed TAPS Route. In 2nd International Synposiumon Arctic Geol ogy, San
Franci sco. Am Assoc. Petrol. Geol., Tulsa, Cklahoma, 1971.



TM 5-852- 4/ AFJMAN 32- 1087

[145] Fryer, MW, The Liquid Convection Cell; A Study in Natural Convection.
Uni versity of Al aska Environnental Laboratory, 1967.
[146] Gandahl, Rune, Determnination of the Depth of Soil Freezing with a New
Frost Meter (text in Swedish). Statensvaginstitut, Stockholm Rapport 30, 1957.
[147] Garg, O, In Situ Physicomechanical Properties of Permafrost Using
Ceophysi cal Techniques. In Pernmafrost: The North American Contribution to the Second
I nternational Conference, Yakutsk. NAS-NAE-NRC, Washington, D.C., 1973.
[148] Gerdine, L.A., Frost Displacenent of Mssile Structures. ASCE Structural Engi neering
Conference, Seattle, Preprint No. 511, 1967.
[149] G eene, GW, The Application of Infrared Renpte Sensing Techni ques to
Per maf r ost - Rel at ed Engi neering Problens. In 2nd International synmposiumon Arctic
Ceol ogy, San Francisco. Am Assoc. Petrol. Geol., Tulsa, lahoma, Program Abstr.,
p. 59-61, 1971.
[150] Applications of Infrared Renmote Sensing Methods to Ceol ogi cal and
Engi neering Problens of the Arctic. In Annual Earth Resource Program Review, 4th,
Houst on, Texas. NASA-MSC, p. 36, 1972.
[151] Haugen, R K, MKim HL., Gatto, L.W and Anderson, D.M, Cold Regions Environnental
Anal ysis Based on ERTS-1 Inmagery. In Proc. 8th International Synmposium on Renote
Sensing of Environment. University of M chigan, Ann Arbor, M chigan, 1972.
[152] Hunter, J.A., The Application of Shallow Seism c Methods to Mappi ng of Frozen Surfici al
Materials. In Permafrost: The North Anmerican Contribution to the Second
I nternational Conference, Yakul sk. NAS-NAE - NRC, Washington, D.C, 1973.
[153] Hvorslev, MJ. and Goode, T.B., Core Drilling in Frozen Soils. In
Permafrost: Proceedi ngs, International Conference, Purdue University. NAS-NRC Pub.
No. 1287, pp. 364-371, 1963.
[154] Johnson, P.R, Enpirical Heat Transfer Rates of Small, Long and Balch Thernal Piles and
Ther mal convection Loops. Institute of Arctic Environnmental Engineering, University
of Al aska, Report 7102, 1971.
[155] Johnston, G H., Engineering Site Investigations in Permafrost Areas. In Pernafrost:
Proceedi ngs, International Conference, Purdue University. NAS-NRC Pub. No. 1287, pp.
371-374, 1973.
[156] Jones, P.G and Richart, F.E., Effect of Testing Speed on Strength and El astic Properties
of Concrete. Proc. ASTM Vol. 37, |I, 1936.
[157] Kauer, J.A and Freeman, R L., Effect of Carbon Dioxide on Fresh Concrete. J. Am
Concrete Inst., Vol 27, No. 4, pp. 447-454, 1955.
[158] Klieger, P., Effect of Mxing and Curing Tenperature on Concrete Strength. Portland
Cenent Association Bulletin 103, 1958.
[159] Kol lman, F., Mechanical Characteristics of Various Mist Wods wthin
Tenmperature G adients from-200 Degrees to + 200 Degrees C. Translation, U S. Nationa
Advi sory Com Aeronaut. Tech. Menp. 984, 1941.
[160] Lachenbruch, A H., Construction Theory of |ce-Wdge Polygons: A Qualitative Discussion. Ir
Permafrost: Proceedi ngs, International Conference, Purdue University. NAS-NRC Pub. Nao
1287, pp. 63-71, 1963.

[161] Lange, G R, Refrigerated Fluids for Drilling and Coring in Permafrost. In Permafrost:
Proceedi ngs, International Conference, Purdue University. NAS-NRC Pub. No. 1287, pp.
375-380.

[162] LeSchack, L.A and Morse, F.A , Dual-Channel Airborne I-R Scanning for Detection of Ice ir
Permafrost. Al aska Prelimnary Results. Am Coc. Photog. Proc., Vol. 38, pp. 213-238,
1972.
[163] LeShack, L.A., Airborne Dual -Channel Infrared Scanning to Detect Massive
Ice in Permafrost. In Permafrost: The North Anerican Contribution to the Second
I nternational Conference, Yakutsk. NAS-NAE-NRC, Washington, D.C., 1973.
[164] Linell, KA, Airfields on Permafrost. Proc. ASCE, J. Air Transport
Div., Vol. 83, No. 1, pp. 1326-1 to 1326-15, 1957. (Al so ACFEL M scel | aneous Paper 2C
1956.)
[165] Linell, K A and Johnston, G H., Engineering Design and Construction in Permafrost
Regions: A Review. In Permafrost: The North Anerican
Contribution to the Second International Conference, Yakutsk. NAS-NAE - NRC,
Washi ngton, D.C., 1973.
[166] Linell, K A and Kaplar, C. W, The Factor of Soil and Material Type in
Frost Action. HRB Bull. No. 225, Hi ghway Pavenment Design in Frost Areas, 19S9, (Also
ACFEL M scel | aneous Paper 21, 1959.)
[167] Description and C assification of Frozen Soil. In Permafrost: Proceedi ngs, International
Conference, Purdue University. NAS-NRC Pub. No. 1287, pp. 481-486, 1963.
[168] Linell, KA, Cory, F.E., Haley, J.F. and Pickering, C A, Jr., Discussion: Tinber Piles
in Permafrost at an Al aska Radar Station, by WC. Jensen. Proc. ASCE, J. Soil Mech.
Fdn. Div., Vol. 88, pp. 141-153, 1962.



[ 169]
[170]
[171]
[172]
[173]
[ 174]
[175]
[176]

[177]

[178]
[ 179]

[ 180]
[181]
[182]
[ 183]
[ 184]
[ 185]
[ 186]

[187]

[ 188]

[ 189]

[ 190]

[191]

[192]

[ 193]

TM 5- 852- 4/ AFJMAN 32- 1087

Long, E. L., Permafrost Design and Construction Wthin the Al aska District, Corps of
Engi neers. ASCE Conf., Fairbanks, Al aska, 1957.

Louie, N A, Equation of State of Frozen Soil Material. Shock Hydrodynam cs, Inc., Report No
SH2155- 08, 1968.

McGaw, R, Thermal Conductivity of Conpacted Sand/lce M xtures. H ghway Record, No. 215.

Mol lard, J.D., Air Photo Terrain C assification and Mapping for Northern Feasibility Studies
Proc. Canadi an Northern Pipeline Research Conference, pp. 105-127. Assoc. Com Geotech.
Res. Tech. Menp. 104, National Research Council of Canada, OQtawa, 1972.

Monfore, G E. and Lentz, A E., Physical Properties of Concrete at Very Low Tenperat ures.
Portl and Cenent Association Bulletin 145, My 1962.

Mul ler, S.W, Permafrost of Permanently Frozen Ground and Rel ated Engi neering Problems. J. W
Edwards, Inc., Ann Arbor, M chigan, 1947.

Naar, J., A Source Book of Underground Phenonena and Effects of Nucl ear Expl osions: Part One
Theory of Directly Induced Ground Mtion. DASA-1285 (1), 1964.

Nakano, Y. and Froula, N H., Sound and Shock Transnission in Frozen Soils. In Pernafrost: Th

North Anerican Contribution to the Second |nternational Conference, Yakutsk. NAS-NAE-
NRC, Washington, D.C., pp. 359-369, 1973.

Nati onal Cceanic and At nospheric Administration, Surface Cbservations. Federal Meteorol ogica
Handbook No. | (formerly Circular N, 1970.

Substati on Qbservations. Federal Meteorol ogi cal Handbook No. 2 (formerly Circular B), 1970.

Nat i onal Ready M xed Concrete Association, Cold Wather Ready M xed Concrete. Publication 34

Pewe, T.L. and Paige, Paige, R A, Frost Heaving of Piles with an Exanple from Fai rbanks,
Al aska. U.S. Geological Survey Bulletin No. 1111-1, 1963.

Qi nn, WF. and Lobacz, E. F., Frost Penetration Beneath Concrete Sl abs Mintai ned Free of
Snow and lce, with and without Insulation. HRB Bulletin No. 331, pp. 98-115, 1962.

Ri nker, J.N. and Frost, R E., Application of Renmbte Sensing to Arctic Environnental Studies.
In The Use of Renmpte Sensing in Conservation, Devel opnent, and Managenent of the Natural
Resources of the State of Al aska. Dept. Econ. Devel., Juneau, Al aska, pp. 105-116, 1970

Romanoff, M, Corrosion of Steel Piling in Soils. J. Res., NBS, Vol. 66c, No. 3, 1962.

Corrosion Evaluation of Steel Test Piles Exposed to Permafrost Soils. In Proceedings, 25th
Conf. of the Nat. Assoc. of Corrosion Engineers. Houston, Texas, pp. 6-13, 1969.

Sanger, F.J., Degree-Days and Heat Conduction in Soils. In Permafrost: Proceedings,

I nternational Conference, Purdue University. NAS-NRC Pub. No. 1287, pp. 253-262, 1963.

Di scussi on: Section 6, Physico-Mechanical Properties of Frozen Ground. In Permafrost:
Proceedi ngs, International Conference, Purdue University. NAS-NRC Pub. No. 1287, pp.
341- 342, 1963.

Sanger, F.J. and Kaplar, C W, Plastic Deformation of Frozen Soils. In Permafrost:

Proceedi ngs, International Conference, Purdue University. NAS-NRC Pub. No. 1287, pp.
305- 315, 1963.

Sebastyan, C. Y., Prelimnary Site Investigation for the Foundation of Structures and
Pavenents in Pernmafrost. In Permafrost: Proceedings, |International Conference, Purdue
Uni versity. NAS-NRC Pub. No. 1287, pp. 387-394, 1963.

Sell mann, P.V., Properties and Distribution of Organic Deposits in. Two Characteristic Peat
Environnents in Alaska. In Proc. 3rd International Peat Congress, Quebec. Nati onal
Research Council of Canada, OQttawa, pp. 157-162, 1968.

Severn, R T. and Taylor, P.R, Earthquake Effects on an Arch Dam by Response Spectra Mt hods
In Proc. Synposiumon Vibration in Cvil Engineering, British National Section of the
I nternational Association for Earthquake Engi neering. Butterworth and Co. Ltd., London,
1966.

Sherman, R G, A Goundwater Supply for an G| Canp Near Prudhoe Bay. In Pernmafrost: The
North Anerican Contribution to the Second International Conference, Yakutsk. NAS-NAE-
NRC, Washington, D.C., 1973.

Sl aughter, C W and Kane, D.L., Recharge of a Central Al aska Lake by Sub-pernafrost
Groundwater. In Permafrost: The North Anerican Contribution to the Second |nternational
Conference, Yakutsk. NAS-NAE - NRC, Washington, D.C, 1973.

Smith, AW, A Plastic Shelter for House Building in Wnter. Division of Building Research,
Nat i onal Research Council, Canada, Technical Paper No. 59, 1959.

A7



TM 5-852- 4/ AFJMAN 32- 1087

[194] Building in Wnter with the Aild of Enclosures. Division of Building
Research, National Research Council, Canada, Technical Paper No. 85, 1960.
[195] Smith, N. and Berg, R, Encountering Massive Gound Ice During Road Construction,
Central Al aska. In Permafrost: The North Anerican Contribution to the Second
I nternational Conference, Yakutsk NAS-NAE - NRC, Washington, D.C., pp. 730-736,
1973.
[196] Terzaghi, K., Recording Results of Field Tests on Soils. G vil engineering, Vol. 13, No.
12, pp. 585-587, 1943.
[197] Permafrost. J. Boston Soc. Civil Engineer, Vol. 39, No. 1, pp. 1-50,
1952.
[198] Terzaghi, K and Peck, R B., Soil Mechanics in Engineering Practice.
Wley, New York, 1967.
[199] Thonpson, H A, Air Tenperature in Northern Canada with Enphasis on Freezing and Thaw ng
I ndexes. In Permafrost: Proceedings, International Conference, Purdue University.
NAS- NRC Pub. No. 1287, pp. 272-280, 1963.
[200] Tobiasson, W, Performance of the Thul e Hangar Cooling Systens. In Permafrost: The North
Anerican Contribution to the Second International Conference, Yakutsk. NAS-NAE-NRC,
Washi ngton, D.C., 1973.
[201] Tsytovich, N A, Bases and Foundations on Frozen Soils. HRB Speci al
Report No. 59, 1960.
[202] Tuthill, L.H and others, Insulation for Protection of New Concrete in Wnter. J. Am
Concrete Inst., Vol. 23, pp. 232-272, 1951.
[203] U.S. Bureau of Reclamation, Concrete Manual, 7th Ed., 1966.
[204] U.S. Bureau of Standards, Effect of Edge Insulation upon Tenperature and Condensati on of
Concrete-Slab Floors. Building Materials and Structures Report 138, 1953.
[205] U.S. Geological Survey, The Al askan Earthquake. USGS Prof essional Paper 541,
I nvestigations and Reconstruction, Effects on Communities, Val dez, GSP542B and
VWhittier, GSP542C.
[206] Washburn, A L., Cassification of Patterned Ground and Revi ew of Suggested Origins. Bull.
Geol. Soc. Am, Vol. 67, No. 7, pp. 823-865, 1965.
[207] Washburn, A/ L., Smith, D.D. and Goodard, R H, Frost Cracking in a Mddle-Latitude
Climte. Biuletyn Peryglacjalny (Lodz), No. 12, pp. 1751-189, 1963.
[208] Wlliams, J.R, Gound Water in Permafrost Regions, An Annotated Bibliography. U S.
Geol ogi cal Survey, Water Supply Paper 1972, 1965.
[209] WIlliams, J.R and vanEverdingen, R O, Goundwater Investigations in Permafrost Regions
of North Anerica: A Review. In Permafrost: The North Anerican Contribution to the
Second I nternational Conference, Yakutsk. NAS-NAE-NRC, Washington, D.C, 1973.
[210] Wbods, H., Durability of Concrete Construction. American Concrete
Institute and lowa State University Press, Mnograph No. 4, 1968. [211] Anon., Froze
in Place Piles Support Air Force Building in Al aska.
Construction Methods and Equi prent, June 1956, pp. 62-64.
[212] Kaplar, C W, Some Experinents to Measure Frost Heaving Force in a Silt.
CRREL Techni cal Note, 1965.
[213] Keune, R and Hoekstra, P., Calculating the Amount of Unfrozen Water in Frozen Ground fror
Moi sture Characteristic Curves. CRREL Special Report 114, 1967.

A-8



TM 5-852- 4/ AFJMAN 32- 1087
APPENDI X B
Bl BLI OGRAPHY

Departnments of the Arny and Air Force
Techni cal Manual

TM 5- 809- 3/ NAVFAC DM 2. 9/ AFM 88- 3, Masonry Structural Design for
Chap. 3 Bui | di ngs

U.S. Arny Corps of Engineers

Engi neer Manual
EM 1110-2- 1906 Laboratory Soil Testing.

Gui de Speci fication
CEGS- 04200 Masonry.

Departnent of the Arny
Techni cal Reports

Crory, F.E., Pile Foundations in Discontinuous Permafrost Areas. U S. Arny Col d Regi ons Research an
Engi neeri ng Laboratory Special Report 79, 1967.

Ful wi der, C.W and Stearman, J.H., Bibliography on Wnter construction, 1940-1967. CRREL Speci al
Report 83, 1966.

Kapl ar, C. W, Some Experinents to Measure Frost Heaving Force in a Silt. CRREL Technical Note, 1965

Keune, R and Hoekstra, P., Calculating the Anpbunt of Unfrozen Water in Frozen G ound from Mi sture
Characteristic Curves. CRREL Special Report 114, 1967.

Kitze, F.F., Some Experinments in Drive Sanpling of Frozen G ound. Arctic Construction and Frost
Ef fects Laboratory, M scellaneous Paper 16, 1956.

Linell, K A, Pavenent Design for Areas of Deep Frost Penetration. CRREL M scel |l aneous Paper, 1969.

Nakaya, U., Viscoelastic Properties of Snow and Ice fromthe Greenland Ice Cap. U S. Arny Snow, Ice
and Permafrost Research Establishment Research Report 46, 1959.

Stearns, S.R, Selected Aspects of Geol ogy and Physiography of the Cold Regions. CRREL Monograph |-
Al, 1956.

Stearns, S.R, Permafrost (Perennially Frozen Gound). CRREL Mnograph |-A2, 1966.

U S. Arny Engi neer Waterways Experiment Station, The Unified Soil C assification System Technical
Report 3-357, 1953.

Wods, K. B. and Linell, K A, Al aska-Canada Trip Report. CRREL Files, 1965. Wods, K B., Pringle,

T.B. and Linell, K A, Alaska Trip Report. CRREL Files,
1960.

Departnent of the Air Force
Techni cal Report

Newar k, N.M and Haltiwanger, J.D., Principles and Practices for Design of Hardened Structures. U S
Air Force Special Wapons Center Technical Docunmentary Report No. AFSW TDY-62-138, 1962.

O her Technical Publications

American Concrete Institute, Durability of Concrete Construction. H Wods Mnograph No. 4, America
Concrete Institute and lowa State University Press, 1968.
Bal ch, J.C., Soil Refrigeration System Patent No. 3,200, 470, U S. Patent Ofice, 1965.
Brown, R J.E., The Distribution of Permafrost and its Relation to Air Tenperature in Canada and
the USSR Arctic, Vol. 13, No. 3, pp 163-177, 1960.
Brown, R J.E., Relation Between Mean Annual Air and Ground Tenperatures in the Permafrost Region
of Canada.
In Permafrost: Proceedings, |International Conference, Purdue University. National Acadeny of
Sci ences--National Research Council Pu. No. 1287, pp. 241-247, 1963.
Chellis, RD., Pile Foundations. McGawHiIl, New York, 2nd. Ed., 1961.



TM 5-852- 4/ AFJMAN 32- 1087

Constantino, C.J., Wachowski, A and Barnwell, V.L., Finite El ement Solution for Wave
Propagation in Layered Media Caused by a Nucl ear Detonation. In Proceedings, Synposium on
Wave Propagation and Dynamic Properties of Earth Materials. University of New Mexico Press,
Al buquer que, N.M, 1967.

Crocker, C.R, Wnter Construction. Division of Building Research, National Research Council,
Canada, Technical Paper No. 49, 1958.

Cranberg, H. B., Indirect Mapping of Snowcover for Permafrost Prediction at Schefferville,
Quebec, Canada. In Pernmafrost: The North American Contribution to the Second | nternational
Conf erence, Yakutsk. National Acadeny of Sciences--National Acadeny of Engineering--

Nati onal Research Council, Wshington, D.C. 1973.

Henni on, F.B., Frost and Permafrost Definitions. H ghway Research Board Bulletin, No. 111,
pp. 107-110, 1955.

Hoekstra, P. and McNeill, D., Electromagnetic Probing of Permafrost. In Permafrost: The North
Anerican Contribution to the Second International Conference, Yakutsk. NAS-NAE- NRC,

Washi ngton, D.C., 1973.

Hopkins, D.M, Karlstrom T.N V. and others, Permafrost and G ound Water in Al aska. U S.
Ceol ogi cal Survey Professional Paper No. 264-F, 1955.

Krieth, F., Heal Transfer. International Textbook Co., Scranton, Pa., 1965. Linell, K A,

Frost Action and Permafrost. In H ghway Engi neering Handbook
(K. B. Wods, Ed.), Section 13. MGawHiIl, NY., pp. 13-1 to 13-35.

Lobacz, E.F. and Quinn, WF., Thernmal Regi ne Beneath Buil dings constructed on Pernafrost. In
Per maf rost: Proceedi ngs, International Conference, Purdue University. NAS-NRC Pub. No. 1287,
pp. 247-252, 1963.

Long, E. L., The Long Thernopile. In Permafrost: Proceedings, International Conference, Purdue
Uni versity. NAS-NRC Pub. No. 1287, pp. 487-491, 1963.

Long, E. L., Means for Maintaining Permafrost Foundations. Patent No. 3,217,791, U S. Patent
O fice.

Mel ni kov, P.1., Walov, V.A and others, Pile Foundations in Permafrost. In Pernafrost:
Proceedi ngs, International Conference, Purdue University. NAS-NRC Pub. No. 1287, pp. 542-547,
1963.

Nat i onal Research Council of Canada, Proceedi ngs of the Canadi an Regi onal Permafrost Conference,
1 and 2 Decenber 1964 (R J.E. Brown, Ed.). Otawa, Canada.

Pearson, H., How Raber and Kief Drilled 900 Holes in Permafrost in the Arctic in Mdw nter.
Paci fic Builder and Engi neer, Vol. 62, No. 11, pp. 58-59, 1956.

Penner, E., Frost Heaving Forces in Leda Clay. Canadi an Geotechnical Journal, Vol. 7, No. 1, pp.
8- 16, 1970.

Penner, E. and Gold, L.W, Transfer of Heaving Forces by Adfreezing to Colums and Foundati on
WalI's in Frost-Susceptible Soils. Canadi an Geotechnical Journal, Vol. 8, No. 4, pp. 514-526,
1971.

Pi hl ainen, J. A, Pile Construction in Permafrost. Proceedi ngs American Society of Cvil
Engi neers, Vol. 85, No. SM5, pp. 75-95, 1959.

Portl and Cenent Association, Structural Bureau, Cold Wather Concreting, ST94-3, 1966.

RI LEM Synposi um Wnter Concreting: Theory and Practice. Danish National Institute of Building
Research, 1956.

Roberts, P.W and Cooke, F.A., Arctic Tower Foundations Frozen into Permafrost. Engi neering News-
Record, Vol. 44, No. 6, pp. 38-39.

Terzaghi, K., Theoretical Soil Mechanics. Wley, New York, 1943.

Thomas, M K., dimatol ogical Atlas of Canada. National Research Council, Canada. Nati onal
Research Council, Canada, No. 3151, and Division of Building Research, No. 41, 1953.

Yoakum D., Wnter Construction--Earthwork and Foundations. ASCE Structural Engi neering
Conference, Seattle, Preprint No. 510, 1967.

B-2



TM 5-852- 4/ AFJMAN 32- 1087

i The proponent agency of this Pamphlet is the Office of the Chief i
i of Engineers, United States Army. Users area invited to send |
| comments and suggested improvements on DA Form 2028 (Recommended i
i Changes to Publications and Blank Forms) direct to HQDA |
| (DAEN-ECE-G), WASH DC 20314. |
+ +

By Order of the Secretaries of the Army and the Air Force:

JOHN A. WICKHAM, JR.
General, United States Army
Official: Chief of Staff
ROBERT M. JOYCE
Major General, United States Army
The Adjutant General

CHARLES A. GABRIEL General,
United States Air Force

Official: Chief of Staff

JAMES H. DELANEY
Colonel, United States Air Force
Director of Administration
Distribution:
Army: To be distributed in accordance with DA Form 12-34B, requirements
for TM 5-800 Series: Engineering and Design for Real Property Facilities. Air Force: F

*U.S. GOVERNMENT PRINTING OFFICE: 1983-705-046/436



